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MIDDLE ORDOVICIAN OF CENTRAL PENNSYLVANIA 


G. MARSHALL KAY 
Columbia University 


ABSTRACT 


Middle Ordovician formations outcrop in several anticlinal areas in central Pennsylvania between Path 
Valley and the Allegheny Front. There are about 1,500 feet of limestone and shale representing the Chazyan 
and Mohawkian series. A number of conclusions have been reached, and many problems remain to be solved. 
The area lies in the eastern part of the Allegheny stratigraphic belt, extending to the Adirondack axis, which 
passes along Path Valley; rocks in the Cumberland Valley on the southeast were formed in the Champlain 
miogeosynclinal belt. Of the Chazyan formations, the stratigraphy of the Loysburg formation is insuffi- 
ciently known; the Hatter formation thins southeastward by overlap. The lower Mohawkian, Black River, 
Benner, and Curtin limestones thin southeastward to extinction beyond the Adirondack axis, principally 
through offlap and truncation. The higher Mohawkian, Trenton, formations are the Nealmont, Salona, and 
Coburn limestones and the Antes black shale. The Nealmont, lower Trenton, lies with pronounced regional 
unconformity on older rocks and thins by overlap from a maximum in a northeast-trending belt within the 
area of outcrop. The Salona, middle Trenton, is rather constant in lithology and thickness in most of the 
area, converging rapidly as it approaches the Adirondack axis. The distribution of the upper Trenton Co- 
burn and Antes formations is insufficiently known. 

The stratigraphy of the economically important Valentine ‘‘chemical” limestone, the upper member of 
the Curtin formation, has an important bearing on the understanding of the behavior and distribution of 
the unit. Metabentonites, present in the Benner, Curtin, Nealmont, and Salona limestones, permit more 
precise correlation of sections and interpretation of relationships than are normally possible. 


INTRODUCTION of some of the formations have been dis- 
Middle Ordovician formations crop cussed by Lawrence Whitcomb,‘ R. R. 
out in a number of belts in the anti- Rosenkrans,’ and G. M. Kay.° 
clinorium of central Pennsylvania (Fig. The sequence that is to be described 
1). The sequence has been described by (Fig. 2) comprises units that are corre- 
G. L. Collie, Charles Butts,? and R. M. lated with part of the Chazyan series and 
Field. The stratigraphy and correlation the Black River and Trenton groups of 
* “Ordovician Section near Bellefonte, Pennsyl- 


vania,” Bull. Geol. Soc. Amer., Vol. XIV (1903), pp. 
407-20. 


4“Correlation by Ordovician Bentonite,” Jour. 
Geol., Vol. XL (1932), pp. 522-34; “Correlation of 
Ordovician Limestone at Salona, Clinton County, 
Pennsylvania,” Pa. Geol. Surv., Bull. G5 (4th ser., 
1932). 


2“Geologic Section of Blair and Huntingdon 
Counties, Central Pennsylvania,” Amer. Jour. Sci., 
Vol. XLVI (4th ser., 1918), pp. 523-37; Butts and ; ele ’ . 
E. S. Moore, “Geology and Mineral Resources of the ‘ “Correlation Studies of the Central and South 
Bellefonte Quadrangle, Pennsylvania,” U.S. Geol. Central Pennsylvania Bentonite Occurrences,” 
Surv., Bull. 855 (1936); Butts, F. M. Swartz, and Amer. Jour. Sci., Vol. XXVII (sth ser., 1934), pp- 
Bradford Willard, ““Tyrone Quadrangle,” Pa. Geol. 113~34- 


Surv., Bull. 96 (4th ser., 1939). 6 “Middle Ordovician of Central Pennsylvania” 
3 “The Middle Ordovician of Central and South  (abstr.), Bull. Geol. Soc. Amer., Vol. LII (1941), p. 
Central Pennsylvania,” Amer. Jour. Sci., Yol. 969; “Chemical Lime in Central Pennsylvania,” 


XLVIII (4th ser., 1919), pp. 403-28. Econ. Geol., Vol. XX XVIII (1943), pp. 188-203. 
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the Mohawkian series of the standard 
Ordovician section. The formations and 
members are relatively constant in li- 
thology and fauna, and most are quite ex- 
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dack axis, which passes through Path 
Valley.? The paleogeography is not dis- 
cussed, inasmuch as the stratigraphy of 
adjoining regions has not been described 
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Fic. 1.—Outline map of central Pennsylvania, 


tensive. Regional unconformities and 
facies changes are responsible for con- 
trasts in sections in different parts of the 
area. Central Pennsylvania lies in the 
southeast part of the Allegheny belt, 
limited on the southeast by the Adiron- 


showing areas of Ordovician and Cambrian outcrop 


adequately, and central Pennsylvania 
can better be considered as but a part of 
a larger stratigraphic province. 

7Kay, “Development of the Allegheny Syn- 
clinorium and Adjoining Regions,” Bull. Geol. Soc. 
Amer., Vol. LIII (1942), p- 1604. 
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Fic. 2.—Columnar section of Middle Ordovician rocks in central Pennsylvania 











PART I. CHAZYAN AND EARLIER 
MOHAWKIAN (BLACK RIVER) 
FORMATIONS 


LOYSBURG FORMATION 


DEFINITION AND DESCRIPTION 


The Loysburg formation® (village, 
Bedford County) was described as of 
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weathering ostracode-bearing limestone 
in the type section at Union Furnace 
(Fig. 3). Inasmuch as the “first intra- 
formational zone” is in the “tiger- 
striped’’ member, the Clover is added to 
the original Loysburg. The Carlim lime- 
stone’? (hamlet southeast of Williams- 
burg) included the “transition beds’”’ 





Fic. 3.—Bluff north of Pennsylvania Railroad between Union Furnace and Pendleton, Pennsylvania. 
Type section of the Hatter formation (H), overlying Clover limestone of the Loysburg formation (LC) and 
underlying Snyder limestone of the Benner formation (BS). See Table 1. 


“dark and impure, dolomitic limestone 
which lies between the Beekmantown 
and the first intraformational zone” of 
the Carlim. The Clover limestone? (creek, 
east of Williamsburg, Blair County), 
classed as the upper member of the 
Loysburg formation, comprises 60 feet of 
relatively pure, sublithographic lime- 
stone overlying the “‘tiger-striped”’ lithol- 
ogy of interlaminated, dark, and buff- 
8 Field, p. 410 of ftn. 3 (1919). 

9 Kay, ftn. 6 (1941); p. 193 of ftn. 6 (1943). 


or “tiger-striped,” the Clover, and the 
Hatter formation in the Tyrone dis- 
trict. The underlying laminated mag- 
nesian beds were classified as Belle- 
fonte dolomite,“ and were considered 
of Canadian age; but they may be a 
facies of the Loysburg, which has been 
considered to be ‘Stones River” or 
“Chazyan.”’ 


t Butts, p. 526 of ftn. 2 (1918). 


't Butts, Swartz, and Willard, p. 18 of ftn. 2 
(1939). 

















The stratigraphy of the Loysburg and 
its relation to the Canadian rocks under- 
lying it are not fully known. The writer 
has studied few sections extending below 
the Clover member, and these show dif- 
ferences insufficiently investigated. In 
Centre and in northern Blair and Hunt- 
ington counties the Hatter formation is 
underlain by 40-80 feet of the Clover 
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and channeling the limestone—the “‘ti- 
ger-striped” lithology (Fig. 4). In some 
localities, as at the east end of the Pem- 
berton quarries north of Union Furnace, 
where the thickness is about 40 feet, 
laminated dolomites immediately under- 
lie the “tiger-striped” lithology. These 
“Bellefonte” dolomites are lithologically 
like laminated dolomite intercalated 





Fic. 4.—Tiger-striped’’ member of the Loysburg formation along roadside 1 mile east of Coburn, 


East Penns Valley. 


member of the Loysburg, principally 
sublithographic limestone, somewhat 
magnesian, 68 feet at Union Furnace, 78 
feet at Stover, and about 45 feet at 
Alexander Quarry near Schrader. Be- 
neath it are interbedded limestones, 
laminated dolomites, and occasional in- 
traformational conglomerates, distin- 
guished by the presence of alternating 
half-inch beds of dark, dense, ostracode- 
bearing limestone and buff-weathering, 
silty dolomite, commonly penetrating 


within the ‘“‘tiger-striped’’ lithology, a 
relationship that led to the latter being 
called the “transition beds”; this sug- 
gests that the upper “Bellefonte” is con- 
formable with the succeeding “Carlim.” 
Farther north, in the Bellefonte district, 
the Bellefonte dolomite bears an inter- 
mediate sandstone” that might have 
more than the intraformational signifi- 
cance that has been attributed it. 

In many sections, particularly in 

12 Butts and Moore, pp. 30-31 of ftn. 2 (1934). 
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southern Pennsylvania, hundreds of feet 
of typical Loysburg sublithographic lime- 
stone interbedded with laminated sili- 
ceous or magnesian limestone underlies 
the Hatter. Two hundred fifty feet is ex- 
posed below Clover limestone in the 
quarry west of Clover Creek at Sparr, 
the base unrevealed. At Ashcom 215 feet 
of limestone exposed below the Hatter 
along the Turnpike has ostracode-bear- 
ing, dark, laminated, silty limestone 
within 35 feet of the base of exposure. In 
the quarry south of Highway 522 near 
Shade Gap in Blacklog Valley, 55 feet 
of exposed beds includes “‘tiger-striped” 
lithology and contains species of both 
Tetradium and Cryptozodn. Farther 
southeast, along Conococheague Creek 
north of Dry Run in Path Valley, 150 
feet exposed 75 feet below the base of the 
Hatter has Tetradium sp. at 15, 45, 110, 
135, and 145 feet, Solenopora sp. at 130 
feet, ostracodes at 65 and go feet, Bathyu- 
rus sp. at 65 feet, and gastropods at 60 
feet. Similar limestone exposed for 200 
feet below the Shippensburg limestone 1 
mile west of St. Thomas on Highway 30 
has been called “Stones River.’’*? Far to 
the north, in the basal beds in the quarry 
east of Royer School, east of Loganton in 
Sugar Valley, laminated magnesian lime- 
stones that resemble the interbeds within 
the more typical Loysburg farther south 
bear similar ostracodes and trilobites. 

In summary, the Hatter formation is 
consistently underlain by sublithographic 
limestone, the Clover member of the 
Loysburg. In some areas several hundred 
feet of interbedded dolomite and similar 
limestone are subjacent; whereas in 
others, laminated dolomites are sepa- 
rated by thin “transition beds” from the 
Clover. It is the writer’s impression that 


13 G. W. Stose, “Description of the Chambers- 
burg-Mercersburg District, Pennsylvania,” U.S. 
Geol. Surv. Folio 170 (1909). 





these varied lithologies represent facies 
of a synchronous unit that has been 
called “upper Bellefonte” or ‘Loys- 
burg,” depending on the dolomite con- 
tent. An alternative interpretation is 
that the Loysburg overlaps on an 
erosional disconformity of several hun- 
dred feet of relief. This problem re- 
mains to be solved. 


CLASSIFICATION AND CORRELATION 


The Loysburg is considered to be 
Chazyan. It bears lithology quite like 
that of the “Stones River” of the Cum- 
berland Valley of Pennsylvania and 
Maryland and of the West Virginia Pan- 
handle, of the “Mosheim” and ‘Mur- 
freesboro”’ of the Shenandoah Valley and 
of the western anticlines of West Vir- 
ginia and Virginia. These contain not 
only sublithographic limestone like the 
Clover member but “tiger-striped”’ li- 
thology in underlying beds, and all have 
been considered Chazyan. Faunas are 
not sufficiently known. The only part of 
the typical Chazyan of the Lake Cham- 
plain region that resembles the Loysburg 
lithologically is the lower Valcour marble 
of Vermont." 


HATTER LIMESTONE 
DEFINITION AND DISTRIBUTION 


The Hatter formation’ (creek, north 
of Roaring Spring, Blair County) is 
separable into three members—the Eyer, 
Grazier, and Hostler’—respectively 6, 
33, and 63 feet thick in the type section 
north of Union Furnace (Fig. 3 and 
Table 1); the formation is well exposed 
along Hatter Creek northwest of Roaring 
Spring. The Hatter has been recognized 





™W. M. Cady, “Stratigraphy and Structure of 
West Central Vermont,” Bull. Geol. Soc. Amer., Vol. 
LV (1944), in press. 


™S Kay, ftn. 6 (1941). 
6 Kay, p. 192 of ftn. 6 (1943). 
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from western Sugar Valley southwest- 
ward to Bedford County, the thickness 
increasing from 60 to 110 feet; the litho- 
logic contrast with the underlying Clover 
is striking (Fig. 5). The northward 
thinning may be due to overlap of the 
Grazier member over the Eyer but should 
be studied further; the Hostler member 


DESCRIPTION OF UNIT 





BLACK RIVER group: 
Benner formation: 
Snyder member: 


CHAZYAN SERIES: 
Hatter formation: 
Hostler member: 


sparsely fossiliferous. . . 


ee 
Grazier member: 


fossiliferous. . . 
Eyer member: 


Loysburg formation: 
Clover member: 


is most constant and extensive. In the 
extreme northeast, in eastern Sugar 
and Nippenose valleys, the Hatter has 
not been recognized; whether it dis- 
appears by overlap or passes into dis- 
similar facies is not established. South- 
eastward, in Blacklog Valley, it dimin- 
ishes to about 70 feet, and to less than 60 
feet in northern Path Valley, where the 
Hostler comprises all but the basal few 
feet, of Grazier (Fig. 7). The limestones 
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Gray, medium-textured, laminated, somewhat mud-cracked 
and rippled limestone with white-pebble conglomerate at top 
White-weathering, dense, well-bedded limestone with deep 
shaly re-entrant at base, contact concealed 


Dark, impure, well-bedded, somewhat laminated limestone, 
Dark, tan-weathering, siliceous and argillaceous limestone, 


massive in fracture, richly fossiliferous, less impure toward| 


Dark, dense, heavy-ledged limestone with wavy partings, stylo- 
litic, tending to weather with lines of cavities; relatively non- 


Dark, impure limestone, partly calcarenite, with Tetradium sp. 


White-weathering, dense, laminated sublithographic limestone 
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between the Clover and Snyder lime- 
stones increase to about 150 feet in 
western Cumberland Valley, the lower 
half being like the lower Shippensburg 
limestone of more easterly belts, the 
upper resembling the Hostler of northern 
Path Valley; the interval expands to 500 
feet south of Chambersburg, where the 


TABLE 1 


HATTER FORMATION NORTH OF UNION FURNACE 








THICKNESS 
, To Base 
Of Unit Siceihas 
g’ 9” 10’ 11” 
aA Wieeneaeaeees 24 2 4 
210 63 0 
SN Re eae ae Fe 420 42 0 
PAS SAE I BRS Ro Fee Ee i? gee 33 0 
| 60 6 0 
| 








Shippensburg is succeeded by Mercers- 
burg limestone, younger than the Sny- 
der.*? 


EYER LIMESTONE 

The Eyer member (Eyer, north of 
Union Furnace) has in the type section, 
that of the Hatter formation at Union 
Furnace, 6 feet of granular limestone con- 


17L. C. Craig, “Middle Ordovician Limestone 


near Chambersburg, Pennsylvania” (abstr.), Bull. 
Geol. Soc. Amer., Vol. LIT (1941), pp. 1963-64. 





Fic. 5.—Siliceous limestone of the Hatter formation (H), overlying Clover limestone of the Loysburg 
formation (ZC) in quarry north of the highway bridge at Ganister, Pennsylvania. 


Fic. 6.—Weathered exposure of the Hostler member of the Hatter formation (HH), overlying the 
Grazier member (HG) at the Woolen Mill Dam, Waterside, Pennsylvania. 
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taining Telradium sp. overlying the 
Clover limestone. In the quarry to the 
north, 6 feet 6 inches of similar rock has 
an undulating, smooth to pitted bedding 
plane at the contact with the overlying 
Grazier member; south of Union Fur- 
nace, 8 feet of limestone with abundant 
discoidal masses of Tetradium fibratum 
Safford is exposed in the small quarry 
east of the highway north of the Oakland 
school. Similar beds are 1 foot 4 inches 
in the south quarry along Elk Run, to the 
west, and g feet g inches in the quarry at 
Royer, 12 miles south of the type section. 
At Waterside, farther south, 37 feet of 
shaly Eyer limestone separates the 
Clover and Grazier, the latter having a 
coquinal limestone replete with Piono- 
dema(?) sp. at its base. The Eyer has 
not been recognized in the Nittany Val- 
ley and the belts to the east, nor is it 
present in the Blacklog Valley, south- 
east of Union Furnace; in each the 
Grazier is believed to lie disconformably 
on the Clover. 

Thus the Eyer member seems re- 
stricted to the southern part of central 
Pennsylvania, to be overlapped by the 
Grazier limestone. The relationship of 
the Eyer and Grazier is not confidently 
known; inasmuch as the lower Eyer at 
Waterside is like the typical Eyer at 
Union Furnace and there is discon- 
formity above at Union Furnace, the 
member seems truncated by the Grazier 
or represents an offlapping unit sub- 
sequently overlapped by that member. 
Thus the beds may be stratigraphically 
more closely related to the Loysburg 
than to the Hatter, but their lithology is 
so like that of the overlying Grazier that 
they have been given the present dis- 
position. 


GRAZIER LIMESTONE 
The Grazier member (Grazier Mills, 
northeast of Union Furnace) has the 


Union Furnace exposure as its type 
section. The 33 feet of dark, dense lime- 
stone with thin, argillaceous partings is 
representative of a quite constant and 
widely distributed unit from 25 to 35 feet 
thick in the northwestern belts. North- 
ward the beds lie on the Clover limestone, 
the contact being a slightly undulating, 
stylolitic bedding plane separating the 
sharply differing lithologies; this can be 
seen along the highway 4 miles north- 
east of Boalsburg in Penns Valley, in the 
entranceway to the quarry west of 
Stevens, and north of the Bethlehem 
Steel quarry on the Milroy-Siglersville 
highway. Tetradium syringoporoides U1- 
rich and Gonioceras sp. are common fos- 
sils in the basal part of the member. The 
Grazier decreases southeastward to 15 
feet in Blacklog Valley and to 7 feet or 
less in northern Path Valley. It is con- | 
formably overlain by the more siliceous 
Hostler member in all exposures; the 
upper limit is variably distinct, having 
contrasting argillaceous beds overlying, 
as at Waterside (Fig. 6), or, as at the type 
section, having limestone of gradually in- 
creasing argillaceous content above it. 

The Grazier member is thought to 
overlap disconformably the Eyer mem- 
ber, so as to lie on the Clover limestone 
toward the northeast; and to thin by 
overlap southeastward, the Hostler mem- 
ber lying within 7 feet of the Clover in 
Path Valley, whereas they are 60 feet 
apart at Waterside. 


HOSTLER MEMBER 

This member (village, 9 miles north- 
east of Union Furnace in Centre County) 
comprises the 63 feet of siliceous lime- 
stone extending from the top of the 
Grazier member to a re-entrant beneath 
white-weathering, sublithographic lime- 
stone ledges in the type section at Union 
Furnace; the member is poorly exposed 
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in the belt of outcrop 2 miles southeast of 
Hostler. 

The sequence of lithologies in the type 
section is prevalent in central Pennsyl- 
vania. The lower limit of the member 
is normally not sharply defined, for the 
beds become similar to the Grazier 
downward. The middle zone, with 
brachiopod- and bryozoan-rich, very si- 
liceous and argillaceous limestone or cal- 
careous siltstone, is readily recognized 
(Fig. 6). The upper zone, well bedded, 
with fucoidal, siliceous partings, is in 
places separable with difficulty from the 
less siliceous, coarser, commonly cross- 
laminated ledges of the lowest Snyder 
limestone; the presence of white-weather- 
ing sublithographic ledges and white- 
pebble conglomerate is diagnostic of the 
latter. Fossils have been found in the 
middle zone in some abundance north- 
ward to 4 miles north of Boalsburg, 
Centre County; farther north, as at 
Salona, Millheim, and Tylersville, the 
zones have not been recognized. East- 
ward, Girvanella-bearing fragmental 
limestones become intercalated; and in 
Path Valley, Solenopora is abundant in 
the higher part of the member. Gir- 
vanella is abundant beneath the Snyder 
limestone in the western Cumberland Val- 
ley. Southwestward, granular limestone 
interbeds with Solenopora sp. become in- 
creasingly prevalent in the upper zone, 
first appearing in the quarry in Martins- 
burg, being conspicuous in the entrance to 
the quarry a mile south of Waterside and 
intercalated at Ashcom with richly fos- 
siliferous coarse-textured limestone in the 
upper 18 feet, which contrast with the 
fine-textured, white-weathering _ basal 
Snyder limestone. 

The thickness of the member ranges 
from 40 to 60 feet in most localities— 
the minimum measured being 35 feet at 
Elk Run and the maxima being 63 and 
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69 feet at Union Furnace and Gannister 
(Fig. 5), the varying measurement partly 
resulting from somewhat arbitrary desig- 
nation of the top. 

The member is very impure, as shown 
both in its appearance and in chemical 
analyses. At Union Furnace," ledges of 
18 and 28 feet have the following com- 
positions: CaCO,, 64.77 per cent and 
76.45 per cent; MgCO,, 10.33 per cent 
and 7.81 per cent; SiO,, 23.54 per cent 
and 14.20 per cent; and Al,O, and Fe,O,, 
1.36 per cent and 1.54 per cent, their 
order and position in the member is not 
known. At Blairfour’® in ledges of 18, 
4, and 5 feet the silica percentage is 12.86, 
23.88, and 10.24, the iron oxides and 
alumina being “over 5 per cent” in the 
first two and 4.16 in the third. This im- 
pure rock has been left as a rib separating 
two quarries in many operations.”° 


FAUNA 
The Eyer member of the Hatter for- 
mation is fairly fossiliferous, but few 
faunules have been studied (Table 2). 
Fossils are difficult to extract from the 
dense, brittle limestone of the relatively 
barren Grazier member; Gonioceras sp. is 
present in many exposures, and Tetradi- 
um syringoporoides Ulrich in basal beds in 
northern exposures. The Hostler mem- 
ber is abundantly fossiliferous in most 
localities, the forms weathering free from 
the argillaceous beds in a few localities; 
several faunules are listed in Table 3. 


CLASSIFICATION AND CORRELATION 


The Hatter formation lies béneath the 
Benner limestone, correlated with con- 
fidence with the Pamelia limestone, basal 

‘8B. L. Miller, “Limestones of Pennsylvania,” 
Pa. Geol. Surv., Bull. M2o (4th ser., 1934), p. 413, 
quarry No. 2, samples 7 and 8. 

19 Tbid., p. 233, ledges 29, 30, and 31. 

20 Butts, Swartz, and Willard, Pls. 6 and 7A of 
ftn. 2 (1939). 
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formation of the Black River group in 
the standard section; on stratigraphic 
position the Hatter is older than the base 
of the standard Black River. It could be 
older than Black River and younger than 
Chazyan, equivalent to some part of the 


TABLE 2* 


FAUNULES FROM THE EYER MEMBER 
HOSTLER FORMATION 





LOCALITIES 








I | 2 
Tetradium fibratum Safford......... “a eee 
I, 5 55.555 sh ec vaky cen x 
Ceramoporella grandis Ulrich.......|.... Xx 
pe ee ot x x 
| er Pe cisé x 
ee See xX 
oO | hate x 
ere | X x 
EE ee eee Ieee x 
| oT re et a 
Rhynchocamara sp. cf. R. plicata| 
Schuchert and Cooper....... _ | : ae Soe 
Rene | xX | X 
Bathyurellus sp. aff. B. brevis pinus| 
EE a oerontayies Phe Seto paieine x 
IN 5 oon 66a paewieg vinele oe a b 4 
IR gS 6:6 6 co 6:45.08 05 vine oey oo x 
EOE COTE OT | x x 
Conchoprimitia sp................. a berepapse 
ae ae 


Leperditia sp. cf. L. fabulites Conrad} X |...... 


* Localities: 1, south of Union Furnace, along east side of 
highway north of Oakland School, Te/radium abundant in quarry 
to north, east of highway; 2, Waterside, slope east of creek above 
woolen mill, Pionodema(?) in coquinal ledge that may be base of 
Grazier member. X, present; a, abundant; see locality notes. 


Chazyan, or both. The disposition is not 
conclusively evident and is involved in 
the problem of the classification of rocks 
mapped as “Lenoir” and “Ottosee”’ in 
the same stratigraphic position farther 
southwest. 

Many of the genera in the Hatter are 
present also in the Black River of New 
York and Ontario. Some, such as Cama- 
rotoechia, Bathyurellus, and Rhyncho- 


camara (the latter two from the Eyer 
member), are more suggestive of the 
Chazyan. A third element includes a few 
genera, such as Fascifera, unreported 
from either type Black River or type 
Chazyan. The Pamelia lies with regional 
unconformity on the upper Chazyan in 
New York and Ontario,” and there must 
be deposits representing the interval. 
Some of these may be in the thick section 
of upper Chazyan in western Vermont.” 

The Hostler member contains a num- 
ber of forms that are common in the 
Benbolt formation” or “Rye Cove Otto- 
see,’’*4 particularly species of Campy- 
lorthis, Mesotrypa, and Opikina. The 
stratigraphic position and faunas of the 
“Lenoir” of the western anticlines of 
West Virginia and central Virginia indi- 
cate that that “formation” is also at least 
partially equivalent to the Hatter. Each 
has been considered as Chazyan in the 
past and lies variable distances below 
Cryptophragmus-bearing beds like those 
of the Benner. The upper Hatter is in- 
creasingly siliceous and somewhat cross- 
laminated, and the basal Snyder has 
cross-laminated calcareous beds with 
minor disconformities; if marine waters 
did not retreat and readvance following 
Hatter deposition in central Pennsyl- 
vania, the seas at least became quite 
shallow prior to their deepening during 
the deposition of the younger part of the 
Benner. The thickness of beds between 
the Benbolt formation of western Vir- 
ginia, which seems equivalent to the 
Hostler member, and the Witten forma- 


21 Kay, p. 1608 of ftn. 7 (1942). 
22 Cady, ftn. 14 (1944). 
23 B. N. Cooper and C. E. Prouty, “Ordovician 


Section in Tazewell County, Virginia,” Bull. Geol. 
Soc. Amer., Vol. LIV (1943), p. 868. 

24 Butts, “Geology of the Appalachian Valley in 
Virginia, Part I,’’ Va. Geol. Surv., Bull. 52 (1942), 
p. 173. 
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tion, which resembles the upper, Stover, 
member of the Benner, is much greater 
than in Pennsylvania. Therefore, it is 
possible that there is a regional dis- 
conformity that overlies the Hatter and 
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sented in lithofacies, or geographic prov- 
ince, just as well as evidencing difference 
in age of rocks. It is, therefore, con- 
cluded that the Hatter is Chazyan in the 
sense that it is older than the base of the 


TABLE 3* 


FAUNULES FROM THE HOSTLER 


Tetradium (Prismostylus) columnaris (Hall). 


Atactoporella(?) sp. 

“Chasmatopora” (Subretopora) sp. 
Mesotrypa sp... .. 

Stictoporella sp. aff. S. frondifera Ulrich 


Ancistorhyncha(?) sp. 
Ancistorhyncha sp. aff. A. costata Ulrich and Cooper 
Camarotoechia sp. cf. C. plena (Hall) 
Campylorthis deflecta (Conrad) 
Campylorthis magna (Schuchert and C ooper) 
Doleroides sp. 
a sp. ; 

Fascifera subcarinata U lrich and Ci ooper 
Leptaena(?) sp.. 
Opikina sp. aff. O. inquassa (5 Sardeson 
Opikina sp. cf. O. magna (Butts) 
Opikina sp. aff. O. minnesotensis (Winchell) 
Opikina sp. aff. O. septata Salmon 
Opikina sp........ de 
Sowerbyella sp... 
Strophomena sp. aff. S. medialis Butts 
Strophomena sp. 
Strophomena sp... . 


Gontoceras sp. 


Illaenus sp... . 
Basilicus sp.. 
Thaleops sp. 
Schmidtella sp..... 
Leperditia sp....... 


R MEMBER, HATTER FORMATION 


LOCALITIES 


I 3 4 5 6 7 8 9 1° 
FR -Leevoleceehecceleceoiscocelscectoese 
x 
x 
x x x x x 
x 
. x 
x 
/ A A > x x 
x Xx 
; x x x Zz 
xX x siaod 
x x x 
x >. 
x 
AN 
: x 
XxX xX |X x 
x 
C x ee Zz 
zZ 


N-: 


* Localities: 1, cutalong Highway 45, 3} miles northeast of Boalsburg; 2, southern part of quarry at Salona; 3, east end of quarry 


at Pemberton, north of Union Furnace; 4, southernmost quarry at Elk Run and rib by north quarry; 
east of road east of Rodman, just north of Roaring Spring; 6, rib in quarry north of Royer; 


5, rib rising from floor of quarry 
bluff’ east of woolen mill, Waterside, 


from base of member; 8, New Enterprise Quarry, Ashcom, ne ar E verett, from upper cryst: alline beds, except ‘‘z,’’ from low in member 
along west side of opening; 9, quarry east of road almost 1 mile ome of Covedale, east of Williamsburg; 10, southeast extension of 


quarry north of Martinsburg, in uppermost crystalline beds, except ‘ 


corresponds to that succeeding the Chaz- 
yan in the north. The faunal contrasts 
between the Hatter and upper Chazyan 
are no greater than in differing facies of 
the younger rocks; differences in fauna 
can reflect ecological conditions as repre- 





’ from Idwer shaly beds. 


Black River standard section and may 
be equivalent to the. standard Chazyan 
of eastern New York, faunas reflecting 
differences in ecology and geographic 
province. 


The Shippensburg limestone, com- 
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Fic. 8.—Isopachal map of the Benner and Curtin formations of the Black River group 
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prising the lowest and largest part of the 
Chambersburg limestone of the Cumber- 
land-Shenandoah Valley belt,?> has a 
stratigraphic position like that of the 
Hatter. The lower part of the Shippens- 
burg is certainly older than part of the 
Hatter and the Snyder limestone, which 
overlie it in the westernmost Valley 
belts. Until the stratigraphy and fauna 
of the Shippensburg have been described 
more fully, the relationship to the mem- 
bers of the Hatter will not be anticipated. 


BENNER LIMESTONE 
DEFINITION AND DISTRIBUTION 


The Benner limestone” (township, 
Centre County) is composed of two 
members, the Snyder and Stover lime- 
stones, having their type sections in the 
railroad cut at Union Furnace; each is 
recognizable in sections near Bellefonte 
in Benner Township, Centre County. 
The formation is present - throughout 
central Pennsylvania and southeastward 
to the western belts of Cumberland Val- 
ley. It is constantly underlain by the 
Hatter formation; the Curtin limestone 
overlies it in the northwest, as at the type 
locality, the Nealmont at Union Fur- 
nace and southeastward to its disap- 
pearance in Cumberland Valley. The 
formation is 140-90 feet thick in the 
northwest (Fig. 8); thinning by loss of 
upper beds southeastward, the Stover 
member is absent in Blacklog Valley, and 
the Snyder diminishes to extinction in 
western Cumberland Valley (Fig. 7). 

In the type section at Union Furnace 
(Fig. 3 and Table 4) the Snyder member 
is composed of 98 feet of light-colored, 
detrital limestone with limestone pebble 
conglomerate (Fig. 9) and of white- 
weathering, dense, relatively pure, sub- 


25 Craig, ftn. 17 (1941). 
26 Kay, ftn. 6 (1941). 
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lithographic limestone; species of Tetra- 
dium are frequent. The Stover member is 
gi feet of principally dark, medium- to 
fine-textured, heavy-ledged limestone 
with undulating silty partings, overlain 
by the dark, coarse-textured basal ledge 
of the Nealmont limestone. At Bellefonte 
the Stover member is conformably over- 
lain by the Valley View member of the 
Curtin limestone, with metabentonite E 
at the contact (Fig. 10; Table 6). 


SNYDER LIMESTONE 

The lower, Snyder, member?’ (town- 
ship, Blair County) of the Benner forma- 
tion is 98 feet thick in the type section 
(Table 4); the beds are exposed in the 
southern quarry along Elk Run, on the 
southern boundary of Snyder Township. 

The lithology throughout central 
Pennsylvania is similar to that in the 
type section from Nippenose Valley to 
southwest of Ashcom and Everett, Bed- 
ford County. Conglomerates with white 
limestone pebbles are particularly char- 
acteristic (Fig. 9g). The member is the 
second of the Tetradium-bearing units in 
central Pennsylvania containing sub- 
lithographic “‘chemical lime.” It con- 
sistently lies between the Hatter lime- 
stone and Stover limestone in this region 
but becomes overlain by Nealmont lime- 
stone in Blacklog and Path valleys to the 
southeast. ; 

The member reaches a maximum 
thickness of 110 feet at Covedale, the 
range of T. cellulosum-bearing beds be- 
tween the Hatter and Stover limestones. 
Thickness is 88 feet at Royer, about 85 
at Ganister, 65-80 feet in most sections: 
Salona, 70; Stevens, 74; Elk Run, 77; 
Naginey, 66; Oak Hall, about 65; Mar- 
tinsburg, 73; Waterside, 78; and Ashcom, 
59 feet. Southeast of Kishacoquillas 
Valley the member thins and is overlain 

27 Ibid. 
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TABLE 4 


SECTION OF BENNER LIMESTONE AT UNION FURNACE 


DESCRIPTION OF UNIT 





TRENTON group: 

Nealmont formation: 
Heavy ledge, partly of coquinal and of dark, coarse-textured| 
limestone with Columnaria sp.. 
Heavy ledges of principally thin- bedded, dense limestone with| 
interbeds of thicker, mottled limestone and calcarenite. 
Dark, coarse-textured, impure limestone, having a somew hat ir- 

regular base, in two ledges are Soar tats 
Disconformity 


| 





BLACK RIVER group: | 
Benner limestone: 
Stover member: 

Ledge of dark, mottled limestone 

Ledges of gray, fine-textured limestone, partly thin bedded, 
with lenses of calcarenite and limestone conglomerates; con- 
tains Distactospongia sp..............+-. 

Heavy ledges of thin-bedded dark limestone with thin calc- 
arenites and some black chert; Stomatocerium near top. 

Metabentonitic clay F (Rosenkrans), sheared, eo a 
swelling; exposed on both sides of railroad—about 

Heavy ledges of dark, fine-textured limestone with wavy, wy 
I Selec) 5, chiara ictdalaleies 0's «90:5 9.800'98 9's i 

Medium-textured, laminated limestone................. | 

Heavy ledges of dark, fine-textured limestone with w avy, silty | 
partings and with thin interbeds of calcarenite; Cryptophrag-| 
mus antiquatus Raymond and Distactospongia sp. at 37 a 
55 feet from base 

Snyder member: 

Somewhat granular limestone with Tetradium cellulosum (Hall) 

Medium- to coarse-textured detrital limestone having white| 
limestone pebbles 

Fine- te medium-textured limestone, partly thin bedded, gray| 
and buff-weathering, with limestone conglomerate; Girvanella 
conglomerate at top, repeated by small fault. : 

Interbedded coarse-textured limestone with white-weathe ring| 
limestone pebbles and sublithographic limestone; Tetradium 
fibratum abundant in upper 6 inches; T. cellulosum, 4 feet) 
from base 

Laminated and partly cross-bedded detrital limestone with| 
I oll bed oct Wh dv. cn du ned-cucereinsts 

Gray, medium-textured, laminated, somewhat mud-crac ked| 
and rippled limestone with white-pebble conglomerate at top| 

White-weathering, dense, well-bedded limestone with deep 
shaly re-entrant at base, contact concealed. 


CHAZYAN SERIES: 
Hatter formation: 
Hostler member: 
Dark, impure, well-bedded, 
sparsely fossiliferous. ... 


somewhat laminated limestone, 









THICKNESS 








" To Base 
Of Unit eon 
3" 9” 24’ ad 
17 4 20 II 
a a7 
r 2 or x 
6 6 89 II 
a 83 5 
°o 6 69 10 
$3] 69 4 
r 2 64 2 
} 
03 2 03 2 
I 4 97 10 
16 4 96 6 
21 9 80 2 
| 
21 8 58 5 
25 10 | 36 10 
8 7 | 1011 
| 
2 4 | 2 4 

















by the Nealmont or equivalent Mercers- 
burg limestone. At Blacklog, where it is 
48 feet, the upper beds are chemical lime, 
a lithology that constitutes the whole of 
20 feet at Spring Run in Path Valley; 
inasmuch as the contact with the Hatter 
is sharp and the lithology is like that in 
the higher part of the typical thicker 
Snyder, there is probably a southeast- 
ward overlap at the base of the member. 
The lithology in western Cumberland 
Valley is variable but partly of white- 
weathering dense limestone and detrital 
limestone, the thickness of about 15 feet 
at St. Thomas being average; the mem- 
ber is absent to the east, the Mercers- 
burg coming to lie on the Shippensburg 
limestone, which is older than the Sny- 
der. A thin metabentonite is 26 feet 
from the top of the Snyder at Oak Hall. 

Relatively pure, dense, white-weather- 
ing limestone, chemical lime, is present 
in the upper part of the Snyder at most 
localities. The ledges are burned for 
local use in several quarries, as at Water- 
side, Blacklog, and Spring Run. This 
“kiln stone” isnowhere of sufficient thick- 
ness to warrant extraction on a large 
scale. The member has been extensively 
quarried for blast-furnace stone and road 
metal, ballast, and constructional stone. 
If the writer is correct in matching 
analyses of the limestones at Union 
Furnace and Blairfour?® with the sections, 
the member has an average silica con- 
tent of about 5 per cent at the former 
(samples 4, 5, and 6, Quarry 2) and 
about 3 per cent at the latter (ledges 
40-57). 

STOVER LIMESTONE 

The upper, Stover, member”? (station, 
northeast of Nealmont) of the Benner 
formation has g1 feet of dark, principally 
28 Miller, pp. 413 and 213-14 of ftn. 18 (1934). 
29 Kay, ftn. 6 (1941). 
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dense, heavy-ledged limestone in the 
type section north of Union Furnace 
(Table 4); it is well exposed in the quar- 
ries at Stover. This lithology, with ledges ° 
having thin, stylolitic partings and mot- 
tling due to the presence of the fucoid 
Camarocladia, is quite constant through- 





Fic. 9.—Limestone-pebble conglomerate in the 
upper Snyder limestone of the Benner formation 
(BSn), beneath the Stover member (BS2), in the 
Pennsylvania Railroad cut at Union Furnace. See 
Table 4. 


out the exposure. The member in- 
variably overlies the Snyder limestone, 
evidently with conformity; it is overlain 
by the metabentonite Z in the base of 
the Valley View limestone with con- 
formity where that member of the Cur- 
tin formation is present in northern 
Centre, Clinton, and Lycoming counties. 
Southeastward the Nealmont limestone 
bevels the Snyder; hence the thickness 
decreases. 











The thickness approaches that in the 
type section in areas having the Valley 
View limestone, at Antes Gap (88 feet), 
Salona (91), Millheim (93), and Stevens 
(go) and in the northwestern sections 
where it is disconformably overlain by 
Nealmont, as at Oak Hall (about 8o), 
Union Furnace (91), Ganister (65), Royer 
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with the Curtin limestone overlying; and 
at 64 feet (16 from the top) at Oak Hall, 
70 at Union Furnace (28 from the top), 
and 46 at Royer (24 from the top), in 
sections with the Nealmont limestone 
disconformably succeeding. It lies about 
25 feet below the Nealmont in the section 
along Highway 322 one mile west of 





Fic. 10.—Quarry 13, 1 mile north of Bellefonte; Valley View member of the Curtin formation (CV) with 
metabentonites E—A, overlying Stover limestone of the Benner formation (BS); upper part of Valentine 
limestone of the Curtin; Nealmont limestone and lower part of Salona limestone in bluff in distance. 


(7o), and Martinsburg (76). It dimin- 
ishes southeastward at Naginey (37 
feet), Allensville (28), Covedale (36), 
Waterside (46), and Ashcom (28) be- 
neath the increasing pre-Nealmont un- 
conformity. The member is absent south- 
eastward in Blacklog Valley, the Neal- 
mont lying on Snyder limestone. 

A single, thick metabentonite, F of 
Rosenkrans, is present in several sections, 
as at 56 feet at Salona (35 from the top) 
and 65 at Millheim (28 from the top), 


Tusseyville and in similar position along 
Highway 45 at the railroad crossing 
northeast of Old Fort. It has been re- 
ported present at Bellefonte’ but not 
confirmed. 

The Stover member has rather con- 
stant lithology, with about 5 per cent 
insoluble residue in most analyses. The 
percentages of Al,O, and Fe,O,, and of 
SiO,, in successive units 14, 16, 8, 12, and 
16 feet below the top at Bell Mine, 

3° Rosenkrans, p. 124 of ftn. 5 (1934). 
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Bellefonte, are 4.00 and 1.04, 3.70 and 
0.78, 2.70 and 0.70, 3.00 and 0.68, and 
2.00 and 0.38.5" 


FAUNA 

The Snyder member of the Benner 
formation has beds bearing Tetradium 
cellulosum (Hall), T. fibratum Safford, 
and T. (Prismostylus) columnaris (Hall) 
in most exposures; the last is particularly 
common in the southeast side of the 
large sink behind the school on Highway 
550 one-half mile southwest of Highway 
322 junction, west of State College. Some 
of the beds contain leperditiid ostracodes 
other fossils are rare. The Stover mem- 
ber is sparingly fossiliferous. Crypto- 
phragmus antiquatus Raymond and Dis- 
taclospongia sp. are most commonly 
recognizable on weathered surfaces; the 
former is found occasionally in the upper 
Snyder. Table 5 lists many small faun- 
ules from the Stover member. 

The classification and correlation of the 
Benner formation will be considered with 
that of the overlying Curtin formation; 
both are of the Black River group, the 
Benner being classified as Pamelia. 


CURTIN LIMESTONE 

The Curtin limestone* (Curtin Gap, 
3 miles northeast of Bellefonte, Centre 
County) is typically exposed in the 
quarry wall south of the headframe of 
the American Lime and Stone Company 
Bell Mine, just west of Bellefonte. It is 
separable into two members. The lower, 
Valley View, comprises 52 feet of im- 
pure limestone from the base of meta- 
bentonite E33 up to the base of meta- 
bentonite A (Fig. 10). The.upper, Valen- 
tine, has go feet of very pure limestone 

31 Miller, p. 286 of ftn. 18 (1934). 

3? Kay, ftn. 6 (1943). 


33 Rosenkrans, p. 124 of ftn. 5 (1934). 
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extending to the unconformity at the 
base of the Nealmont limestone. The 
term ‘Bellefonte Ledge”’ is applied col- 
loquially to the upper 65 feet of the 


TABLE 5* 


FAUNULES FROM THE STOVER MEMBER OF 
THE BENNER LIMESTONE 


Localities 
Girvanella sp. SE § Ue, OF 14, 16 
Distactospongia sp.. .| 6, 7, 10, 12, 13 
Cc ee antiquatus Ray- 


mond. . Ea | 25 3» Sp O» 79 D> 
10, Il, 12, 
15, 10,17 
Stromatocerium sp........... 6,9 
Columnaria sp.. ; 9 
Fletcheria sinclairi Okulitch........| 6 
Pleurocystites(?) sp...... ‘ 10 
Dendrocrinus(?) sp... 4 ay 
Ancistorhyncha sp... . bata 2, 3, 10 
Glyptorthis -.... 6 


Opikina sp. cf. O. wagneri Okulitch 3, 9, 10 
Strophomena sp. aff. S. filitexta (Hall)| 10 


Strophomena sp.... 2, 10 
Zygospira sp. cf. Z. recurvirostris 

(em)..... ; S50 10 
Cycloceras sp...... ; . 3 
Gonioceras sp......... ‘8 : 8 
Maclurites sp..... ; ; 3,4,9 
Basilicus sp... 2 
Ceraurus(?) sp... .. 10 
ee oS 2,4 
Leperditia sp...... es | 7 

| 


* Localities: 1, small quarry beside large sink 1 mile south- 
west of Antes Gap; 2, small quarry south of road at church 2 
miles east of Loganton, Sugar Valley; 3, small quarry north of 
highway, 1 mile southwest of Jacksonville; 4, Quarry 13, 1 mile 
north of Bellefonte (see Fig. 10); 5, north quarry at Stover sta- 
tion; 6, quarry southeast of W. hiterock Quarries plant, Pleasant 
Gap, upper level, northwest side; 7, stripped surface above quar- 
ry at Oak Hall; 8, along highway 3 miles northeast of Boalsburg; 
9, quarry south of highway 2 miles northeast of Rebersburg, 
Brushy Valley; 10, quarry west of Elk Creek in southern part of 
Millheim, from just above metabentonite F; 11, quarry south of 
Bethlehem Steel Company plant, Naginey; 12, type section, 
Pennsylvania Railroad cut, Union Furnace; 13, St. Clair Quarry, 
Ganister, north end; 14, roadside by quarry east of Clover Creek, 
east of Martinsburg; 15, stream in northeast part of Allensville; 
16, New Enterprise Quarry, } mile south of Waterside; 17, smal] 

quarry just west of stream 1 mile west of Rainsburg. 


Valentine member at this locality; it is 
not a stratigraphic term, for the footwall 
in several quarries and mines differs in 
horizon, and the “chemical lime” at 
other localities in other stratigraphic 
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units, particularly the Clover and Sny- 
der, has been called ‘‘Bellefonte Lime.”’ 
The bearing of the stratigraphy of the 
formation on the important deposiés of 
high-grade limestone has been described 
quite fully.34 

The Curtin formation is exposed only 
in parts of Centre, Clinton, and Lycom- 
ing counties. The limestone thins from 
100 to 150 feet along the northwest side 
of the Nittany Valley to extinction along 
an arcuate line from northeast of Tyrone 
to north of Lemont, Centre Hall, and 
Spring Mills and south of Millheim (Fig. 
8). The diminution results, first, from 
regional beveling by offlap, which is 
regular and gradual, and, second, from 
local channeling, bringing rapid reduc- 
tion in short distances with comple- 
mentary increase in thickness of the over- 
lying Nealmont formation. 


VALLEY VIEW MEMBER 


The Valley View limestone,** named 
from a hamlet 2 miles southwest of the 
section, is composed of 52 feet of impure 
limestone in that section (Table 6). 
Field** and Rosenkrans*’ placed the base 
of the Valentine limestone at the top of 
the shaly limestone above metabentonite 
B and called the underlying rocks “‘Car- 
lim.” Butts and Moore** referred the 
beds between metabentonites E and D 
to the “Lemont member of the Carlim” 
and classified the higher rocks as “‘Low- 
ville.” Kay%? included the Valley View 
member in an expanded “Valentine’’ 
formation. Inasmuch as the Carlim 
limestone is the upper Loysburg plus the 
Hatter in its type locality, it is older 
than the Benner formation that under- 


34 Kay, ftn. 6 (1943). 35 Tbid., p. 197. 
36 P. 414 of ftn. 3 (1919). 
37 P, 120 of ftn. 5 (1934). 


38 See p. 33 of ftn. 2 (1936). 39 Ftn. 6 (1941). 








lies the Valley View member. The type 
Lemont limestone is equivalent to most 
of the Nealmont limestone that overlies 
the Valentine limestone. The type sec- 
tion of the Lowville formation is in New 
York; it is preferable that a local name 
be applied in Pennsylvania, inasmuch as 
precise correlation is uncertain. The 
Valley View member is younger than the 
type Stover member of the Benner forma- 
tion and is lithologically dissimilar to 
that limestone; inasmuch as it is desir- 
able that the relatively pure and com- 
mercially important overlying limestone 
retain a distinct designation, the name 
Valentine is retained, the thickness being 
about the go feet originally given but 
redefinition assigning 11 feet of beds 
below metabentonite A to the Valley 
View member. 

The Valley View is remarkably con- 
stant in character and thickness from 
the Nippenose Valley to Pleasant Gap 
and the western end of the Bellefonte 
district. Several metabentonites (Fig. 
10) permit exact measurements of syn- 
chronous parts.4° The member is 65 feet 
at Salona, 52 feet at Bellefonte, and 48 
feet at Martin Miller Quarry, west of 
Stevens, along the northwest side of the 
Nittany Valley, and 43 feet at Pleasant 
Gap, on the southeast. 

In the Nippenose, Sugar, and East 
Penns valleys and southwest of Buffalo 
Run in Nittany Valley the full sequence 
of metabentonites has not been observed. 
Where the thickness of the Curtin forma- 
tion is less than about 50 feet, the Valen- 
tine limestone is missing and the Valley 
View directly overlain by Nealmont 
limestone. The conglomeratic dense 
limestone overlying the Stover member 
of the Benner formation in sections at the 
textile mill in Millheim, along Elk Run 
a mile south at the third bridge, and in 
4° Kay, Fig. 6 of ftn. 6 (1943). 
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the quarry near Grays Church, north- 
west of Stormstown, show that the 
typical lithology of the Valley View is not 
represented in the marginal sections and 
suggest that the disappearance of the 
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Bellefonte.” It is of exceptional purity, 
particularly above the basal 15-25 feet. 
The maximum thickness of the Valentine 
is rather constant in the 15 miles from 
the Martin Miller Quarry, 4 miles west 


TABLE 6 


SECTION OF CURTIN LIMESTONE AT BELLEFONTE 


DESCRIPTION OF UNIT 


TRENTON group: 
Nealmont limestone: 


Dark, dense, somewhat fossiliferous limestone in thin beds with 


THICKNESS 


Of Unit <9 Rate 
Formation 





dark, argillaceous partings . aia phys ” 
BLACK RIVER group: 
Curtin limestone: | 
Valentine member: 
Very light gray, white-weathering, dense, heavy-ledged, mas- 
sive limestone; the “Bellefonte Ledge’”’..... . 65 9 143 2 
Very light gray, white-weathering, dense, laminated ae 
Tetradium cellulosum abundant in lower part.......... ; 25 4 7 Ss 
Yellow clay; metabentonite A . ° 3 52 1 
Valley View member: 
Light-gray, dense, laminated limestone with argillaceous part- 
NE a CAs tad ths Weed pac died gaa eee os | «Ir 3 51 10 
Dark, medium- textured limestone with argillaceous partings; 
thin clay, metabentonite B at base; 7. cellulosum abundant I I 40 7 
Gray, fine-textured, rather heavy-ledged limestone, somewhat 
platy toward top and with little chert. .... pee ree ee 10 II 39 6 
Prominent parting; metabentonite C............... °o ! 28 7 
Gray, fine-textured, rather heavy- ledged limestone; some ar- 
gillaceous partings; top mud-cracked. ts Is 10 | 28 6 
Gray, argillaceous shale with intercalated ‘limestone; “meta- 
bentonite D at base. ............ I 4 12 8 
Dark, medium-textured, heavy-ledged limestone with thin ar- 
gillaceous partings; black chert near top; fucoidal....... ; 9 8 II 4 
Thin beds of dark limestone with argillaceous interbeds; meta-| 
bentonite E at base...... agewess Dead pinnae Ga eee r 8 1 8 
Benner limestone: 
Stover member: 
Dark gray, fine-textured limestone, heavy-ledged with wavy 
partings; Cryptophragmus antiquatus near base............ 14 7 69 66 


member is not altogether due to pre- 
Nealmont erosion but that the present 
margin approaches the original limit of 
occurrence. 


VALENTINE MEMBER 


The Valentine limestone” was named 
“from a small hamlet and forge near 


4" Field, p. 414 of ftn. 3. 


of Bellefonte, to the White Rock Quarry 
east of Jacksonville, increasing from 75 
feet at the former to g1 feet at Bell Mine, 
decreasing to 80 feet at Jacksonville. 
The Valentine diminished to 10 feet at 
Salona and is absent at Antes Gap in the 
Nippenose Valley, 20 miles beyond. 
Southeast of Bellefonte there are 52 feet 
at Pleasant Gap. The member is ex- 
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posed for 40 feet west of Tylersville in 
the Sugar Valley and is absent east of 
Logantown, where the Nealmont over- 
lies Valley View. In Brushy Valley 80 
feet of probable Valentine shows at 
Spring Bank, west of Rebersburg, where 
the relationship to Valley View is ob- 
scured; the member is missing at Mill- 
heim in East Penns Valley, 3 miles south. 
At Bellefonte, Nealmont limestone lies 
disconformably on the Valentine, filling 
channel-like depressions in that unit. 

The chemical analyses and local char- 
acters of the member are more fully 
described in another‘article.” 


FAUNA 


The fauna of the Curtin formation has 
not been studied sufficiently. Tetradium 
cellulosum (Hall) is most readily recog- 
nized in the Valley View and lower mem- 
bers. The Valley View contains Tham- 
nobeatricia parallela Raymond and Bath- 
yurus extans (Hall) in the shaly beds in 
the quarries at Bellefonte; ostracodes are 
abundant in coarser textured ledges in 
the quarry east of the Whiterock Quar- 
ries plant at Pleasant Gap. Well-pre- 
served specimens of a large species of 
Lingula are abundant in a thin bed of 
dense Valentine limestone in the west 
end of the schoolyard 3 mile southwest of 
the junction of Highways 322 and 550, 
west of State College; Thaleops ovata 
Conrad is an associate. A specimen of 
Gonioceras sp. is exposed near the top of 
the Valentine in Quarry 21W, near Cole- 
ville; sections of several species of ceph- 
alopods can be seen in section in the 
lower beds of the member in Quarry 21M, 
to the east. The dense, brittle character 
of the limestone makes extraction of fos- 
sils almost impossible. 


# Kay, ftn. 6 (1943). 





CORRELATION OF THE BENNER AND CURTIN 
LIMESTONES 

These formations are truncated by a 
principal regional unconformity (Fig. 7), 
comparable to that separating the Black 
River and Trenton groups in New York. 
Moreover, the sublithographic limestone 
lithology that reaches its fullest develop- 
ment in the Valentine member of the 
Curtin is common in the Black River 
formations in the northern region. Pre- 
cise correlation of the Pennsylvania units 
with those in the standard section has not 
been established; but the Benner lime- 
stone corresponds approximately to the 
Pamelia formation, the Curtin to the 
Lowville. 

Correlation of the Benner and Pamelia 
is on stratigraphic position and the range 
of the algal Cryptophragmus antiquatus 
Raymond. Each lies well below the top 
of the Black River group and has maxi- 
mum thickness approaching 200 feet; 
but the former lies on older sediments, 
the latter on pre-Cambrian crystalline 
rocks. Cryptophragmus is uncommon in 
the upper part of the Snyder member of 
the Benner, frequent in the Stover; the 
similar Beatricea gracilis Raymond was 
described from Snyder in western Cum- 
berland Valley,4? and Thamnobeatricea 
parallela Raymond from the Valley 
View member of the Curtin at Belle- 
fonte. Cryptophragmus antiquatus was 
described from the “Beatricea beds” 
(lower Gull River limestone of Pamelia 
age) 44 in central Ontario, as abundant in 
the uppermost Pamelia at Aylmer in the 
Ottawa Valley, in and below the Low- 


43 P, E. Raymond, “Further Notes on Beatricea- 
like Organisms,” Mus. Comp. Zoél., Harvard Coll., 
Bull., Vol. LX (1931), p. 179. 

44V. T. Okulitch, “The Ordovician Section at 
Coboconk, Ontario,” Royal Canad. Inst., Trans., 
Vol. XXII, Part IT (1939), pp. 319-39. 
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ville at Mechanicsville, near Ottawa, and 
in the top of the Pamelia in northwestern 
New York; it is also present in the lower 
Pamelia in the latter area.4* Thus it 
ranges through the Pamelia into the basal 
Lowville in the type section of the Black 
River group. 

Metabentonites are present in both 
regions and suggest correlation. Of the 
seven described in the Benner and Cur- 
tin, F in the middle Stover and A at the 
top of the Valley View are much the 
thickest and most persistent. The former 
lies within the range of Cryplophragmus; 
the. latter, above it. A single, relatively 
thick metabentonite has been seen in the 
Pamelia and Lowville of New York, that 
near the base of the Lowville where the 
formation overlaps on the Cambrian 
near Middleville, in central New York.* 
This would be about the top of the range 
of Cryptophragmus in that area and prob- 
ably is clay A. If this correlation is cor- 
rect, the top of the Valley View member 
of the Curtin is within the lower part of 
the Lowville, the member approximat- 
ing the stratigraphic position of the 
lower Lowville, and the Benner should 
be about equivalent to the Pamelia. 

The absence of clays in the Valentine 
suggests that it is older than the Chau- 

45 F. P. Young, “Black River Group of North- 
western New York and Southeastern Ontario,” 
Amer. Jour. Sci., Vol. CCXLI (1943), p. 233. 

46 Kay, “Mohawkian Series on West Canada 
Creek, New York,’’ Amer. Jour. Sci., Vol. CCXLI 
(1943), P- 641. 





MIDDLE ORDOVICIAN OF 





CENTRAL PENNSYLVANIA 23 


mont, which contains thin clays in New 
York and Ontario. White-weathering 
sublithographic limestone like that in 
the Valentine is common to preponderant 
in the Lowville of New York, but the 
same facies enters the Chaumont in 
central Ontario. Thus the correlation of 
the Benner with the Pamelia and of the 
Curtin with the Lowville seems the most 
reasonable from the evidence that is at 
hand. 

Cryptophragmus has been recognized 
in limestones in the northwestern anti- 
clines of West Virginia and central Vir- 
ginia,‘”7 below the Moccasin formation in 
beds commonly called ‘lower Moccasin” 
in southwestern Virginia,** and in the 
upper Camp Nelson limestone of central 
Kentucky.‘’? In all but the last the 
Cryptophragmus zone is near to a dis- 
conformity succeeded by lower Trenton 
Nealmont or corresponding Moccasin. 
The latter or their equivalents overlap 
successively older beds southeastward, 
thus restricting the Cryptophragmus zone 
to the belts on the northwest. 


47 Kay, “Middle Ordovician in Western Anti- 
clines in West Virginia and Central Virginia,” Bull. 
Geol. Soc. Amer., Vol. LIII (1942), p. 1831. 

48 Cooper, ‘Moccasin Formation in South- 
western Virgina,” Bull. Geol. Soc. Amer., Vol. LIII 
(1942), Pp. 1799. 

#7 G. G. Huffman, “Middle Ordovician Corre- 
lation from Lee County, Virginia, to Central Ken- 
tucky,” Bull. Geol. Soc. Amer., Vol. LIII (1942), p. 
1830. 


[To be concluded| 











THE SYSTEM NaAlSiO,-CaSiO,-Na.SiO, 


JOSEPH SPIVAK 
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ABSTRACT 
The thermal-equilibrium relationships in the system NaAlSiO,-CaSiO;—Na,SiO, have been investigated 
by the quenching method. The thermal data are tabulated, and the results are presented in equilibrium 
diagrams. The bearing of the results of the present study on related systems of the soda-lime-alumina-silica 
tetrahedron and the petrologic significance are discussed. 


INTRODUCTION 

This investigation is concerned with 
the thermal-equilibrium relationships, at 
atmospheric pressure, of the silicates 
NaAlSiO,, CaSiO,, and Na,SiO,. Sodium 
aluminum orthosilicate and calcium met- 
asilicate constitute the fundamental 
molecules of the rock-forming minerals 
nepheline and wollastonite, respectively. 
Nepheline is a characteristic primary 
constituent of the alkaline rocks. Wol- 
lastonite occurs more typically in meta- 
morphic rocks, but it has been described 
as a primary constituent of certain al- 
kaline rocks and is associated with 
nepheline in such occurrences. Both sili- 
cates mentioned exhibit polymorphism. 
The high-temperature modification of 
NaAlSiO,, carnegieite, occurs only in 
synthetic melts. Pseudowollastonite, the 
high-temperature modification of CaSiO,, 
has been reported in one unique occur- 
rence in nature.’ Sodium metasilicate 
does not occur in nature; it is readily 
soluble in water, and this property pre- 
cludes its occurrence as a primary con- 
stituent of igneous rocks. The molecule 
Na,SiO, is considered as a theoretical 
mineral and is used in the norm system 
of recalculating rock analyses, when the 
tW. F. P. McLintock, “On the Metamorphism 
Produced by the Combustion of Hydrocarbons in the 
Tertiary Sediments of Southwest Persia,” Min. 
Mag., Vol. XXIII (1932), pp. 207-26. 





soda content exceeds the unit ratio of 
that alkali to alumina and ferric oxide.’ 
The system constitutes a portion of a 
plane within the quaternary system, 
soda-lime-alumina-silica. This system is 
of major importance in the physico- 
chemical aspects of petrologic problems, 
since the constituent oxides form 83 per 
cent, by weight, of the average oxide 
composition of igneous rocks. The quat- 
ernary system may be represented by a 
composition tetrahedron, as shown in 
Figure 1. The figure also shows the posi- 
tion of the plane within the interior of 
the tetrahedron and its relationship to 
other investigated systems which occupy 
internal positions. The system NaAlSiO, 
—CaSi0,;—Na,SiO, lies in the same plane 
as the system CaSiO,—-CaAlSi,O;—NaAl- 
SiO,, and the two are adjacent, since the 
binary system wollastonite-nepheline is 
common to both. Investigation of the 
latter system indicated that relation- 
ships departed somewhat from true 
binary behavior as a result of interaction 
of wollastonite and nepheline to form 
anorthite. This reaction was confirmed 
by the investigation of the ternary sys- 
tem _ _wollastonite- anorthite -nepheline, 4 
2H. S. Washington, “Chemical Analyses of 
Igneous Rocks,” U.S. Geol. Surv. Prof. Paper 99 
(1917), p. 1163. 
3 W. R. Foster, “The System NaAISi;0s—CaSiO,- 
NaAISiO,,” Jour. Geol., Vol. L (1942), pp. 152-73. 
4W. K. Gummer, “The System CaSiO,-CaAl,— 
Si,0s-NaAlSiO,,” Jour. Geol., Vol. LI (1943), p. 503. 
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which revealed the presence of a maxi- 
mum temperature on the boundary curve 
between wollastonite and nepheline at a 
point which did not lie on the join of the 
two compounds. As a result, certain 


CeO 
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silicate in the high-temperature form, 
carnegieite. This phenomenon has not 
been encountered previously in the ther- 
mal-equilibrium investigations of sili- 
cates. 





Al,Q, 


COR 





Na,O 





Fic. 1.—The soda-lime-alumina-silica tetrahedron. The shaded area indicates the position of the system 
nepheline—wollastonite-sodium metasilicate within the tetrahedron. Other internal systems that have been 
investigated are shown by full lines joining the composition points. The compounds that have been prepared 
synthetically are shown as O; those that occur in nature but do not form at liquidus temperatures are shown 


thus: @ . 


The abbreviations signify: LAR, larnite; WO, wollastonite; GEH, gehlenite; GR, grossularite; A N, anor- 
thite; SLL, sillimanite; MULL, mullite; NE, nepheline; SM, sodium metasilicate; JA, jadeite; QTZ, 


quartz; COR, corundum; A B, albite. 


liquids in the area between the maximum 
and the join did not crystallize within the 
confines of that system but entered the 
system NaAlSiO,-CaSiO,—Na,SiO,. An- 
other complication results from the lim- 
ited solid solution of anorthite in the low- 
temperature modification of NaAlSiO,, 
namely, nepheline, and of sodium meta- 





The present investigation was under- 
taken to determine the courses of crystal- 
lization of liquids entering the system 
nepheline-wollastonite-sodium metasili- 
cate and to obtain experimental data on 
the unique solid-solution phenomena. 
Such an investigation is a contribution to 
the knowledge of the equilibrium rela- 
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tions in the, quaternary system soda- 
alumina-silica and is a necessary step in 
the ultimate solution of problems per- 
taining to igneous rocks. 


EXPERIMENTAL PROCEDURE 


Sixty-eight mixtures of known com- 
position were prepared from very pure, 
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termined in testing for homogeneity, and 
the results have been plotted on a com- 
position-refractive index diagram (Fig. 
2). The mixtures were subjected to ther- 
mal study by means of the quenching 
method, as developed in the Geophysical 
Laboratory of the Carnegie Institution of 
Washington.’ Temperatures were meas- 


NeAISIO, 








Na,0.2Ca0.3Si0, 











anhydrous, CaCO,;, Na.CO,, Al,O,, and 
SiO,. Three to six fusions with inter- 
mediate grinding were necessary to in- 
sure homogeneity. Each mixture was 
weighed after each step in preparation, 
in order to determine the losses due to 
volatilization of soda. This enabled the 
control of composition by the addition 
of Na.CO;, when necessary. The re- 
fractive index of each glass was de- 


2Ne 0: Ceo. 3510, Ne,S10, 


wT. PER CENT 


Fic. 2.—The composition-refractive index diagram for the glass mixtures 


ured with a platinum-platinum go rhod- 
ium 10 thermoelement calibrated against 
fixed points, as follows: NaCl, 800.4° C.; 
gold, 1,062.8° C.; lithium metasilicate, 
1,201° C.; diopside, 1,391.5° C. 

The results of quenching runs were ex- 


5 E.S. Shepherd, G. A. Rankin, and F. E. Wright, 
“The Binary Systems of Alumina with Silica, Lime, 
and Magnesia,” Amer. Jour Sci., Vol. XXVIII 
(4th ser., 1909), p. 308. 




















amined under the petrographic micro- 
scope in order to determine the nature of 


the transformation. The phases were 
readily distinguished by means of their 
optical and crystallographic properties. 
The latter are given in Table 1. 


PREVIOUS INVESTIGATIONS 


The binary system NaAlSiO,-Na,SiO, 
was investigated by C. E. Tilley,° and his 
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of liquids in a portion of the system is 
somewhat more complicated than in 
ordinary binary systems. Liquids con- 
taining less than 24 per cent of sodium 
metasilicate will, upon cooling, yield 
carnegieite mix-crystals which become 
continuously richer in Na,SiO,. At the 
requisite temperature, depending upon 
the initial composition, the liquid will 
be completely used up; and only car- 


TABLE 1 


CRYSTALLOGRAPHIC AND OPTICAL PROPERTIES OF THE SOLID PHASES 


CompouNnD CrySTAL SYSTEM Hasit 


Pseudo-hexagonal | Plates or laths 
B-CaSiO, Monoclinic Laths or needles 
a-NaAlISiO, ..| Isometric | Globules 
B-NaAlSiO, . .| Hexagonal 


or rectangular 
prisms 
Na,0-2Ca0O.- | 
3Si0,. | Pseudo-cubic 


Equant grains 


2Na,0-CaO: | 


35103. . | Isometric Cubes or octa- 
| hedra 
Na,SiO,...... Orthorhombic Needles 
| 


* J. B. Ferguson and H. E. Merwin, ‘‘The Ternary System CaO—MgO-SiO.,’’ Amer. Jour. Sci., Vol. XLVIII (1919), p. 83. 


Hexagonal plates | a 


REFRACTIVE INDICES 
Eton- | Optic | 








oa _ 


oe 


| 
| RE- 
| GATION | SIGN | | MARKS 
Lk 8 ee De Od 
| ES ———— 
— | + | 1.610/r.611| 1.654" 
;+f]- 1.616/1.629 1.631T | 
}— | I. 509 .| 1.514] | 
| | 
— |e=1.533 w= 1.5378 
| j 
| | - 
1.5905 1.598|| | Twin- 
ing 
charac- 
| teristic 
| 
| 1.571 1.5717 | 


I.513/1 $90) 528**| 
\ | 


tE. T. Allen, W. P. White, and F. E. Wright, ‘‘On Wollastonite and Pseudo-wollastonite-Polymorphic Forms of Calcium 


Metasilicate,’’ Amer. Jour. Sci., Vol. XXI (1906), p. 108. 


N. L. Bowen, ‘‘The Binary System, Na:zAl.Si:Os (Nephelite-Carnegieite)—CaAl.Si.Os (Anorthite),’’ Amer. Jour. Sci., Vol. 


sigh 
XXXII (1912), pp. 551-73. 
§ Ibid., p. 565. 


G. W. Morey and N. L. Bowen, ‘‘The Ternary System, Sodium Metasilicate-Calcium Metasilicate-Silica,’’ Trans. Soc. 


Glass Tech., Vol. LX (1925), p. 241. 
{ Ibid., p. 240. 


** Morey and Bowen, ‘‘The Binary System Sodium Metasilicate-Silica,’’ Jour. Phys. Chem., Vol. XXVIII (1924), p. 1175. 


equilibrium diagram is shown in Figure 
3. This system presents a unique example 
among investigated silicates, whereby 
the inversion temperature of a com- 
pound is lowered as a result of solid 
solution in its high-temperature modifi- 
cation. As a result of the solid-solution 
phenomena, the course of crystallization 


6“The Ternary System, Na,Si0;—Na,Si,0,;-Na- 
AISiO,,” Min. u. petrog. Mitt., Vol. XLIII (1933), 
pp. 406-21. 


negieite solid solutions will exist over a 
narrow temperature interval. With fur- 
ther cooling, carnegieite will begin to in- 
vert to nepheline, the reaction taking 
place in the solid state. At 1,163° C. the 
temperature will remain constant, with 
continued cooling, while the remaining 
carnegieite is being converted to nephe- 
line and liquid. When all the carnegieite 
is used up, the temperature will fall, and 
the liquid will yield nepheline crystals 
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until the eutectic is reached at 906° C. 
Thus, with continuous cooling, certain 
liquids will solidify completely and then 
remelt before the final crystallization 
temperature is reached. 

A mixture having the composition of 
Tilley’s eutectic was prepared by the 
writer. The liquidus temperature of this 
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the binary system from the intersection 
of the liquidus curves and not from a 
mixture of this composition. 

The system CaSiO,—-NaAlSiO, was in- 
vestigated by Foster,’ and the equilib- 
rium diagram based upon his results is 
shown in Figure 4. The invariant points 
are given in Table 3. 








| 


1 






















FIG. 3. 


composition was determined as 907° + 
2° C., in close agreenient with Tilley’s re- 
sult. However, the primary phase of this 
mixture was sodium metasilicate. The 
highest temperature at which both 
phases coexisted was at goo + 2°C. 
The indicated eutectic temperature is 
thus slightly lower than that shown by 
Tilley, and the composition is somewhat 
richer in nepheline. Tilley located the 
eutectic temperature and composition in 


WE/GHT PER CENT 
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Equilibrium diagram for the binary system NaAISiO,—Na.SiO; (after Tilley) 


The system CaSiO,—Na.SiO, was stud- 
ied by G. W. Morey and N. L. Bowen? in 
conjunction with the investigation of the 
melting relations of the soda-lime-silica 
glasses. The diagram based upon their 
results is shown in Figure 5, and invari- 
ant points are given in Table 3. 


7 See ftn. 3 (1942). 


8“The Ternary System, Sodium Metasilicate— 
Calcium Metasilicate-Silica,’ Trans. Soc. Glass 
Tech., Vol. TX (1925), p. 241. 
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THERMAL DATA FOR THE SYSTEM NEPHELINE-WOLLASTONITE-SODIUM METASILICATE 


REFRACTIVE INDEX 


or GLASS 


phase 
pseudowol- 
lastonite.... 4 


| 
Primary- | 
| 


Primary- 
phase 
nepheline 


Primary- 
phase 
carnegieite 
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- 
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TABLE 2 





CaSiO,; |NaAlSiO,;| Na,SiO, 


80 


65 


mn 
mn 


nn 


19 


WEIGHT PER CENT 


° 


° 


fe) 


80 


68 


80 


“I 
Ww 


° 


° 


oo 


“UV 


TIME 


35 
30 
45 
40 
45 
45 
40 

3 


35 
3° 
60 
60 


go 
60 


min. 


hr. 


min. 


hr. 


min. 


hr. 


min. 








Temp. 

(CENTI- Fina ConDITION 

GRADE) 

1,392° | Glass 

1,388 Rare P-Wo and glass 

1,299 Glass 

1,295 | Rare P-Wo and glass 

1,253 | Glass 

1,249 P-Wo and glass 

1,162 | Glass 

1,158 | Glass and very few P-Wo 
| crystals 

1,180 Glass 

1,176 | P-Wo and glass 

1,174 | Glass 

1,170 | Glass and very few P-Wo 
| crystals 

1,158 | Glass 

1,154 | P-Wo, Ne, and glass 
| 

1,158 | Glass 

1,154 | Neand glass 

1,146 | Glass 

1,142 Glass and Ne 

1,129 | Glass es 

1,125 | Ne and glass 

1,166 | Glass 

1,162 | Ne and glass 

1,137 | Glass 

1,133 | Glass and Ne 

1,193 Glass 

1,189 Ne and glass 

r,112 | Very rare Ne and glass 

1,096 Glass 

1,092 Ne and glass 

1,176 Glass 

1,172 Ne and glass 

1,029 Glass 

1,025 Ne and glass 

1,087 | Glass 

1,083 Ne and glass 

1,248 Glass 

1,244 Cg and glass 

1,345 Glass 

1,341 Cg and glass 

I, 206 Glass 

I, 202 Cg and glass 

1,343 Glass 

1,339 Cg and glass 

1,290 Glass 

I Cg and glass 
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THE SYSTEM NaAlISiO,-CaSiO,—Na,SiO, 
TABLE 2—Continued 
| WEIGHT PER CENT . 
| Temp. 
REFRACTIVE INDEX | ‘ | . | "tl . 
. Time (CENTI- FrinaL ConpDItTION 
os GRADE) 
| CaSiO; |NaAISiO, Na,SiO; 
(1.580 | 65.0 | 10.0 | 25.0 | 45min. | 1,253° | Glass 
105 | 1,249 | 1:2:3 and glass 
ar iz.g7g 1 go 10.0 st.0 1° 3 | 1,258 | Glass 
40 | 1,254 | 1:2:3 and glass 
| 1.568 | 52.5 20.0 | 27.5 | 35 | 1,229 | Glass 
| | | 40 | 1,225 | 1:2:3 and glass 
1.562 | 46.0 | 30.0 | 24.0 | 60 | 1,200 | Glass 
40 |} 1,196 | 1:2:3 and glass 
1.560 | 45.0 10.0 | 45.0 | 40 1,239 | Glass 
Wo | | gs 1,235 | 1:2:3 and glass 
| 1.561 45.0 25.0 | 30.0 40 1,212 | Glass 
45 1,208 | 1:2:3 and glass 
1.560 45.0 38.0 17.0 40 1,158 | Glass 
45 1,154 | 1:2:3 and glass 
Wo 1.554 39-5 | 40.0 | 20.5 45 1,154 | Glass 
60 | 1,150 | 1:2:3 and glass 
r.5s6 39.0 47.0 14.0 45 1,125 | Glass 
100 1,123 | 1:2:3 and glass 
1.550 36.1 45.0 | 18.9 45 1,136 | Glass 
50 1,132 1:2:3 and glass 
1.551 34.8 47.0 | 18.2 45 1,129 | Glass 
110 1,127 Very rare 1:2:3 and glass 
| t.990 | 935.0 10.0 55.0 50 1,222 Glass 
45 1,218 1:2:3 and glass 
| 1.551 32.0 36.0 32.0 35 1,179 Glass 
| 35 1,175 | Rare 1:2:3 and glass 
| 1.545 30.0 25.0 | 45.0 45 1,175 Glass 
Primary-phase | | 40 1,171 1:2:3 and glass 
Na,O-2CaO- | 1.544 | 29.0 10.0 | 61.0 40 | 1,179 | Glass 
5s... 8 45 | 1,175 | 1:2:3 and glass 
| 1.542 25.8 20.0 | 54.2 | 45 | 1,160 | Glass 
45 } 1,156 | 1:2:3 and glass 
1.540 | 24.0 10.0 66.0 40 1,147 | Glass 
5° 1,145 Very rare 1:2:3 and glass 
1.537 22.5 30.0 | 47.5 50 1,137 Glass 
65 | 1,133 Rare 1:2:3 and glass 
1.537 22.0 10.0 | 68.0 60 1,133 | Glass 
| | 75 1,129 | 1:2:3 and glass 
e.s3s | 19-5 40.0 40.5 45 | 1,109 Glass 
55 1,105 | 1:2:3 and glass 
1.532 17.2 47.0 35.8 60 1,088 | Glass 
| 45 1,084 | 1:2:3 and glass 
1.532 | 17.0 | 38.0 45.0 60 1,100 | Glass 
| - g hr. 1,096 | 1:2:3 and glass 
11.530 | 17.0 | 20.0 63.0 60 min. 1,101 | Glass 
| | 45 1,097 | 1:2:3 and glass 
11.530 | 15.0 | 45.0 40.0 45 1,078 | Glass 
| 3hr. 1,074 | 1:2:3 and glass 
11.532 | 15.8 51.0 33.2 40 min. 1,076 | Glass 
| | | 
| 3 hr. 1,072 Rare 1: 2:3 and glass 
1.530 | 14.0 | 30.0 56.0 65 min. 1,076 Glass 
| 60 1,072 Rare 1:2:3 and glass 
— 1.537 | 12.0 | 43.0 45.0 | 70 1,053 Glass 
| | 50 1,049 1:2:3 and glass 
{1.525 | 10.0 | 43.0 47.0 55 1,011 Glass 
| 165 1,007 1:2:3 and glass 
| 1.525 10.0 40.0 50.0 60 1,026 Glass 
40 1,022 1:2:3 and glass 
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TABLE 2—Continued 
| 
WEIGHT PER CENT —— 
REFRACTIVE INDEX = ict 7 “ae 
cae | TIME | (CENTI- FINAL CONDITION 
or GLass | | | | crave) 
| CaSiO, |NaAISiO,| Na,SiO, | 
a ee pipes og aga ye wa, es ( 
{ 1.535 20.0 10.0 70.0 2 hr. 1,112 Glass 
40 min. 1,108 2:1:3 and glass ‘ 
| 3.945 10.0 | 30.0 60.0 | 40 I ,039 Glass , 
135 1,035 2:1:3 and glass . 
1.526 10.0 20.0 70.0 5° 1,048 Glass | 
| | ss 1,044 2:1:3 and glass 
1.525 10.0 | 10.0 | 80.0 | 40 1,052 Glass 
| = 1,048 2:1:3 and glass 
z. ges 5.0 46.0 49.0 | §5 933 Glass 
Primary-phase } | 9° 929 2:1:3 and glass 
2Na,0-CaO: | 1.521 5.0 45.0 s0.0 | . = i. 940 Glass 
| et , } 50 min. 936 2:1:3 and glass 
| 1.520 5.0 | 40.0 sso | 1 hr. 949 Very rare 2:1:3 and glass 
1.520 5.0 35.0 60.0 | 75 min. 958 Glass 
| 60 954 | 2:1:3 and glass 
1.520 | °o | 30.0 65.0 3 hr. 973 Glass 
45 min. 969 2:1:3 and glass 
Lg | ge- | ez0 68.0 | thr. 977 Glass 
: | 2 973 2:1:3, SM, and glass 
1.517 3.0 as iagics | x go2 | Glass 
| 75 min. 896 | 2:1:3 and glass 
(1.520 6.5 10.0 | 83.5 | 150 1,036 Glass 
} 45 1,032 SM and glass 
Primary-phase | 1-520 | 5-0 | 10.0 85.0 | 45 1,053 Glass al 
sodiate } | 70 1,049 SM and glass 
sieiinates | *-5* 5.0 27.0 68.00 1 hr 977 Glass 
| | 2 973 SM, 2:1:3, and glass 
1.515 : 46.75 s3.95 | 909 | Glass 
| | 75 min. go5 | SM and glass 
(a.g28 | 13.0 | 86.0 | 7.0 | 26 .br. 1,228 Ne and glass 
| | 143 I, 233 Ne, Cg, and glass 
| 17 1,238 Cg, Ne, and glass 
i 1,241 Cg and glass 
1.536 | 19.8 | 70.0 | 10.2 | 16 1,228 | Ne and glass 
| 143 I, 233 Ne, very rare Cg, and glass 
- Nepheline- | | | ; eg 1,238 Cg, very rare Ne, and glass 
carnegieite | [| 21 1,241 Cg and glass 
‘niet. 1%$% 8.z | 75.0 16.9 | 153 1,190 Ne and glass 
se | 22 1,197 Ne, very rare Cg, and glass 
| 16 I, 202 Ne, Cg, and glass 
| 41 1,208 | Cg and glass 
| 1.525 10.4 | 68.0 21.6 | 13 1,190 | Ne and glass 
| 26 1,194 Ne, Cg, and glass 
16 1,197 Ne, Cg, and glass “i 
{ | 70 min. I, 202 Cg and glass 5 
Wollastonite- be 
pseudowol- a ae - . se a 
Sesteniea 1.571 55.0 35.0 10.0 | 24 hr. 1,119 | Wo and glass it 
en a | | 17 1,125 | Wo, P-Wo, and glass 
isai | 6 1,127 Wo, P-Wo, and glass ( 
7 : | 4 
a j 1.537 | 5.0 | 60.0 35.0 75 min. 1,318 Very rare Ne and glass J 
| | 





lass 
lass 


lass 








THE THERMAL INVESTIGATION 

Thermal data necessary for establish- 
ing the equilibrium relationships in the 
system are shown in Table 2, and the 
diagrams based upon these results are 
shown in Figures 6 and 7. In the dia- 
grams small circles indicate the com- 
positions of mixtures that were investi- 


NaAISIO 
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ure 6 the nature of this liquidus surface 
may be inferred from the position of the 
isotherms which are spaced at tempera- 
ture intervals of 50° C. Figure 7 shows 
the stability fields of each solid phase, 
with the isotherms omitted and with 
arrows indicating the directions of falling 
temperatures. 


“4 





Na,0.2Ca0.3Si0, 


2Ne,0.Ca0.3S10, 


WT. PER CENT 


gated. The abbreviations used in the 

tables and in the discussion of the system 

are as follows: P-Wo—pseudowollaston- 

ite; Wo—wollastonite; Ne—nepheline; 

Cg—carnegieite; 1:2:3—Na,0°2CaO- 

38i0,; 2:1:3—2Na,0°CaO-3Si0,; SM 
sodium metasilicate. 

A ternary equilibrium diagram repre- 
sents the projection of the liquidus sur- 
face upon the triangular base of a solid 
temperature-composition model. In Fig- 


Equilibrium diagram for the system NaAlSiO,-CaSiO,-Na,SiO; with isotherms 


The boundary curves divide the sys- 
tem into six fields. In the order of de- 
creasing size they are the fields of the 
1:2:3 compound, 
nepheline 


pseudowollastonite, 


solid solutions, carnegieite 


solid solutions, the 2:1:3 compound, and 
sodium metasilicate. Wollastonite occu- 
pies a seventh field, but the areal extent 
of the latter is too small to be shown ade- 
quately in the diagrams. The boundary 
curve separating the field of wollastonite 



















34 





from pseudowollastonite would be repre- 
sented by a line parallel to the 1,150° C. 
isotherm in the field of the latter and at 
a temperature of 1,125° C. The bounda- 
ry curves show varying degrees of curva- 
ture within the system; this merely indi- 
cates changing proportions of the crystal- 
line phases that are precipitated with fall- 
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approaching the lower-temperature and 
soda-rich portions of the system. 

The system is ternary in character, 
although the composition of all the 
NaAlSiO, solid solutions cannot be ex- 
pressed in terms of the compounds at the 
apexes of the triangle unless a negative 
sign is used for certain compositions. 


NaASIO, 














M. 4 
Casio, Na,0.2Ca0.3SI0, 


a >. 
2Na,0.Ca0.3S/0, 


wT. PER CENT 


Fic. 7.—Equilibrium diagram for the system NaAlSiO,-CaSiO;—Na.SiO; with isotherms omitted 


ing temperatures. The boundary curves 
all represent univariant equilibrium 
(pressure constant) and are all subtrac- 
tion curves, with the exception of the 
boundary curve between the fields of the 
1:2:3 compound and the 2:1:3 com- 
pound. The latter is a reaction curve. 
The fusion surfaces of the various com- 
pounds are slightly convex at high tem- 
peratures but show a tendency toward 
concavity and increased gradients on 





This is a result of anorthite entering into 
solid solution in nepheline and carnegie- 
ite. The composition of all the phases 
including the nepheline and carnegieite 
solid solutions can be expressed more 
conveniently in terms of the components, 
anorthite-wollastonite-nepheline-sodium 
metasilicate, which are related to each 
other in the manner of reciprocal salt 
pairs. This system is shown in Figure 8, 
in the shape which it assumes as a plane 














od 


rT, 


he 


he 
ve 








within the quaternary system soda-lime- 
alumina-silica when plotted on a weight 
per cent basis. The internal plane of the 
tetrahedron has at its apexes the com- 


pounds AI,SiO,; (sillimanite), CaSiO, 
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ed by Gummer,’ but it can be completely 
understood only in the light of the work 
on the adjacent portion as here investi- 
gated. Indeed, it was to accomplish this 
end that the present investigation was 


10, 











CaSO, Na,0.2C30.35:0, 


wT. PER CENT 


Fic. 8. 


2nzoceo3s0, Na,S10, 


The section through the tetrahedron (cf. Fig. 1) showing the phase relations in the system wol- 


lastonite-anorthite-nepheline-sodium metasilicate. The triangle is not equilateral because compositions are 
plotted in weight per cent of the oxides. The abbreviation MEL signifies melilite. 


(wollastonite, pseudowollastonite), and 
sodium metasilicate. The upper portion 
of the triangle has not been investigated, 
for sillimanite does not form at melting 
temperatures in mixtures of this system. 
The  wollastonite-anorthite-nepheline 
portion of this plane has been investigat- 





undertaken. This combined system will 
be discussed in detail in a later section. 
The system nepheline-wollastonite- 
sodium metasilicate has five ternary in- 
variant points, of which only three are 
shown in the equilibrium diagrams. In 


9 See ftn. 4 (1943). 













Figure 7 the invariant point £ is a ter- 
nary eutectic at which the crystalline 
phases wollastonite, nepheline solid solu- 
tion, and 1:2:3 coexist with liquid. Simi- 
larly, Z, is a ternary eutectic at which 
the crystalline phases 2:1:3, sodium 
metasilicate, and nepheline solid solution 
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tonite. The invariant points, together 
with the composition of the phases and 
their respective temperatures, are listed 
in Table 3 

The join between the 1:2: 3 compound 
and NaAlISiO, is not a true binary sys- 
tem, since the temperature at which the 


TABLE 3 


INVARIANT POINTS 



































CRYSTALLINE PHASES 


*E. F. Osborn and J. F. 
CCXXXIX (1941), pp. 715-63. 
t N. L. Bowen, ‘‘The Binary System: 
XXXIII (1912), PP. 551-73. 


Glass Tech., Vol. 1x (1925), p. 264. 
{ W. R. Foster, “The System NaAlSi,;Os—CaSiO; 
** Morey and Bowen, op. cit. Table 2, ref. No. 2802B, p. 238. 
tt Composition of solid phases; no liquid phase present. 


coexist with liquid. The point R is a 
ternary reaction point, at which the 
crystalline phases 1:2:3, 2:1:3, and 
nepheline solid solution coexist with 
liquid. The other two invariant points 
are not shown in the diagram but repre- 
sent the inversion points at which pseu- 
dowollastonite is transformed to wollas- 


tJ. W. Greig and Tom W. F. Barth, ‘‘The System, Na 
Amer. Jour. Sci., Ve ¥ XXXV-A (1938), p. 108. 
§ F. C. Kracek, ‘‘The System Sodium Oxide-Silica, 
G. W. Morey and N. L. Bowen, ‘‘The Ternary System, 


CaSiO, 

a-CaSiO;..... ES oe eer af 100 
a-CaSiO, and B- CaSiO,.. 100Tt 
a-NaAlSiO,.... 
a-Na/ AISiO, and B- NaAlSiO,. 
Na,SiQ3. . . : er 
Na,0- 2CaO- 38i0.. ree 65.5 
a-CaSiO, and NaAlSiO,. . . 41.0 
a-CaSiO, and 1:2:3... : 71.4 
oo a ae 23.8 
1:2:3 and Na,SiQO,. Ceicte 3 rae 6.2 
Na,SiO, and Naz AISiO,. j ee 
Wo, 1:2:3, Ne (containing 8 per cent An). 30-4 
SM, 2:1:3, Ne (containing approximately 1 

per cent An) 2.8 
1:2:3, 3:1:3, Ne (containing 5 5 per cent An). 8.8 
P-Wo, Wo, Ne nace 7 per cent An) 39-5 
P-Wo, Wo, 1:2:3... eat 40.0 


Schairer, ‘‘The Ternary System Pseudowollastonite-Akermanite-Gehlenite,”’ 
Na,Al.Si.Os (Nephelite-Carnegieite)—CaAl,SizOs (Anorthite),’’ 


20-Al,0;+2Si0. (Nephelite-Carnegieite)—Na20 - Al.O; -6Si0. 


NaAlSiO,,”’ 


ComMPosITION OF LiqguIp PHASE 


IN WEIGHT PER CENT . 
TEMPERATURE 








—— — we (CENTIGRADE) 
N aA, Na,SiO; 
Melting 1,544* 
3 - ; Inversion 1,19s<9 
100 a ...| Melting 1,526T 
100Tt . ...| Inversion 1,254+5} 
100 Melting 1,089§ 
34.5 Melting 1, 284]| 
59.0 Pseudo- 1,1649 
eutectic 
28.6 Eutectic 1, 280** 
76.2 Reaction 1,141]| 
point 
: 93.8 Eutectic 1,060] 
47.0 53.0 Eutectic goo+ 2 
47.0 13.6 Eutectic 1,120+3 
45.4 51.8 Eutectic 892+2 
42.5 47.8 Reaction 985+8 
point 
47.5 13.0 Inversion 1,rast2 
40.5 33.5 Inversion r,%ast2 


Amer. Jour. Sci., Vol. 
Amer. Jour. Sci., Vol. 


(Albite), 


’”* Jour. Phys. Chem., Vol. XXXIV (1930), pp. 1583-08. 
Sodium Metasilicate-Calcium Metasilicate-Silica,”’ 


Jour. Geol., Vol. L (1942), p. 160. 


two phases coexist is not a maximum 
temperature on the boundary curve be- 
tween the two fields. The position of the 
maximum temperature on the boundary 
curve is at 35.5 per cent wollastonite and 
at a temperature of 1,128° C., as shown 
in Figure 7. This temperature is only 
slightly higher than the temperature on 


Trans. Soc. 
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the boundary curve at its intersection 
with the NaAlSiO,-1:2:3 join. In fact, 
the temperature gradient along the 
boundary curve between the ternary 
eutectic E and the NaAlSiO,-1: 2:3 join 
is very small. The thermal relations were 
definitely established by making multiple 
quenching runs, that is, putting charges 
of two or three mixtures in together and 
holding them at the requisite tempera- 
tures, so that the thermal conditions were 
identical for each charge, and then com- 
paring the phase changes in each mix- 
ture. Further evidence of the position of 
the maximum temperature on the bound- 
ary curve was obtained by comparing the 
proportions of the crystalline phases 
present after complete devitrification of 
the appropriate mixtures. It was found 
that the mixture whose composition lies 
close to the maximum temperature con- 
tained only a trace of wollastonite in the 
crystalline product. The presence of this 
maximum temperature on the boundary 
curve indicates that pure nepheline does 
not occur within the ternary system; in 
other words, if any CaO is present in the 
liquid, some of it will enter as anorthite 
into the nepheline mix-crystals. 


THE NEPHELINE-CARNEGIEITE INVERSION 

The boundary curve between nephe- 
line and carnegieite is univariant but is 
not an isotherm, since the temperature 
of the transformation is different in each 
limiting system. In the system wollas- 
tonite-nepheline the inversion tempera- 
ture of the latter is raised above that of 
the pure compound as a result of solid 
solution of anorthite in nepheline. The 
amount of solid solution in carnegieite, 
the high temperature form, is negligible. 
On the other hand, the inversion temper- 
ature of nepheline is lowered considerably 
in the system nepheline-sodium metasili- 
cate, because there is solid solution of 
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sodium metasilicate in carnegieite but 
not in nepheline. The presence of two 
different compounds in solid solution in 
the low and high temperature forms of 
NaAlSiO,, introduces considerable com- 
plexity into the inversion phenomena. 

In order to facilitate discussion of the 
inversion phenomena, it is necessary to 
consider the thermal data for the system 
nepheline-anorthite. This system was 
first investigated by Bowen, and later 
additions were made as a result of in- 
vestigations by Schairer and by Gum- 
mer.’® The equilibrium diagram is shown 
in Figure 9. Nepheline can take as much 
as 35 per cent of anorthite into solid 
solution, whereas carnegieite solid solu- 
tions contain less than 5 per cent of 
anorthite. The inversion temperature of 
nepheline to carnegieite is 1,352° C., an 
increase of 104° above that of the pure 
compound; this increase is due to the 
solid solution of anorthite in nepheline. 
Recent investigations by Schairer and 
by Gummer in related systems have 
shown that the field of B-alumina en- 
croaches upon this system, and in conse- 
quence the binary nature of the equilib- 
rium is destroyed. The liquidus for B- 
alumina has not been definitely estab- 
lished as yet, but its tentative outline is 
shown in the diagram. 

The inversion phenomena are con- 
sidered in terms of the system wollaston- 
ite-anorthite-nepheline-sodium metasili- 
cate, since this is necessary in order to 
express the composition of the nepheline 
and carnegieite solid solutions. The in- 
version curve is shown in Figure 10 and 
is based upon the data of Table 2 and 
upon information obtained from Gum- 
mer’s study. This is the boundary curve 

© Bowen, “The Binary System NaAlISiO, (Carne- 


’ 


gieite, Nepheline)—CaAl,Si.Os (Anorthite),” Amer. 
Jour. Sci., Vol. XXXIITI (4th ser., 1912), pp. 551- 
73; J. F. Schairer, unpublished data; Gummer, 
see ftn. 4 (1943). 
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between the fields of nepheline and car- 
negieite, and the temperature falls along 
the curve from a maximum of 1,352° C., 
on the anorthite-nepheline join, to a min- 
imum of 1,163° C., on the sodium meta- 
silicate-nepheline join. The temperature 
gradient along the boundary curve is 
rather uniform but decreases somewhat 
at lower temperatures. 

A liquid on the boundary curve will be 
in equilibrium with a nepheline solid 
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figuration and areal extent of the field 
of ternary solid solutions is inferred, for 
no compositions were studied in that 
area. The limit of nepheline solid solu- 
tion at the inversion temperature in the 
system nepheline-anorthite is shown by 
a brace. The composition of the coexist- 
ing phases at any temperature can be 
read from the diagram—for example, a 
liquid having the composition s, at a 
temperature of 1,208°C., will be in 
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and Gummer). 


solution and a carnegieite solid solution 
at a fixed temperature. Nepheline solid 
solutions will contain anorthite only. 
Carnegieite can take sodium metasilicate 
and a small amount of anorthite into 
solid solution, so that there is an area of 
ternary solid solutions in the system, and 
this is shown as the area NaAlSiO,-A-B, 
in the diagram. The limits of the area of 
ternary solid solutions are determined by 
the equilibrium data derived from the 
appropriate binary or pseudo-binary dia- 
grams and are indicated in the figure by 
braces along the side lines. The con- 





equilibrium with a nepheline solid solu- 
tion, containing 2 per cent anorthite, and 
with carnegieite U, containing 11 per cent 
sodium metasilicate and less than 1 per 
cent of anorthite in solid solution. The 
occurrence of a liquid in equilibrium with 
both nepheline and carnegieite solid sol- 
utions does not mean that the inversion 
will take place completely at that tem- 
perature. Upon reaching the boundary 
curve under cooling conditions, a liquid 
whose initial composition is in the field 
of carnegieite, will be in equilibrium with 
nepheline and carnegieite solid solutions; 

















but the inversion to nepheline will take 
place over a temperature interval, and 
during this transformation the composi- 
tion of the liquid will move along the 
boundary curve, while the composition 
of both nepheline and carnegieite and 
their proportions change until the latter 
is used up. 
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THE 1,300° C. ISOTHERM 

Figure 11 shows the phase relations at 
a temperature of 1,300° C., at which the 
largest area in the system is occupied by 
one phase, namely, liquid. Adjacent to 
this one-phase area there are a series of 
alternating two- and three-phase areas in 
which one solid phase is in equilibrium 





{300 





D 
Oo 
er 


‘ 


Fic. 10.—The nepheline-carnegieite boundary curve in the system wollastonite-anorthite-nepheline- 
sodium metasilicate, showing inversion temperatures at determined points and the tie lines or three-phase 


boundaries of nepheline and carnegieite solid solutions. 


A SERIES OF ISOTHERMAL PLANES 

In order to depict the equilibrium re- 
lations and the compositions of all the 
phases within the system, it is con- 
venient to consider a series of isothermal 
planes. These diagrams are drawn to 
scale; and the composition of all the 
phases are determined from experimental 
results of the present investigation, sup- 
plemented by data from the related 
binary systems and the adjoining system 
wollastonite-anorthite-nepheline. 





with liquid or two solid phases are in 
equilibrium with liquid. At this tempera- 
ture no three-solid-phase triangles occur 
within the system. 

Pseudowollastonite is in equilibrium 
with liquids a to d, and all mixtures in the 
area a—b—CaSiO, consist, at 1,300° C., of 
pseudowollastonite and liquid whose 
composition is given by the tie-line from 
CaSiO, passing through the point in- 
dicating the total composition of the 
mixture. 
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The liquid 6 is in equilibrium with 
both pseudowollastonite and anorthite 
and is therefore a point in the boundary 
curve between the fields of these two 
phases. 

Anorthite is in equilibrium with liq- 
uids 6 to c. All mixtures in the area 
CaAl,Si,Os-b-c consist of anorthite and 
liquid whose composition is given by the 
tie-line passing through the point in- 





negieite i. Liquid e is therefore a point 
in the boundary curve between the fields 
of nepheline and carnegieite. All mix- 
tures lying in this triangle consist of 
these three phases at 1,300° C. 

The area Ajki contains mixtures which 
are completely crystalline at this tem- 
perature and consist of nephelines / to 7 
in equilibrium with carnegieites k to 7. 
The limiting equilibrium of the area 7k 
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dicating the total composition of the 
mixture. 

The area enclosed by the quadrilateral 
anorthite-c-d-g (Nes;An,;) contains the 
field of 8-alumina, which exhibits quater- 
nary equilibrium. The phase relations of 
this compound cannot be discussed here. 

The liquids d to e are in equilibrium 
with nepheline solid solutions g to h. All 
mixtures in this area consist of liquid 
and nepheline solid solution. 

The triangle ei is a three-phase area 
in which the liquid of composition e is in 
equilibrium with nepheline / and car- 
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Phase relations at 1,300° C. 


is obtained from the binary diagram 
(Fig. g) and is indicated by a brace. 

The one-phase area kilm represents 
completely crystalline ternary carnegie- 
ite solid solutions. The carnegieites in this 
field contain sodium metasilicate and 
anorthite in proportions represented by 
the individual composition points. This 
one-phase area of carnegieite solid solu- 
tions is the ternary analogue of the field 
of carnegieite solid solution in the binary 
system nepheline-sodium metasilicate 
(Fig. 3). 


The liquids e to f are in equilibrium 

















with carnegieite solid solutions i to m. 
The limiting equilibrium mf is binary 
and is shown by the brace connecting 
the two phases. 


THE 1,200° C. ISOTHERM 
The equilibrium relations at this tem- 
perature are shown in Figure 12. The 
properties of the alternating two- and 
three-phase areas in a large part of the 
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hinl are completely crystalline and con- 
sist of carnegieite solid solutions between 
i and n, in equilibrium with nepheline 
solid solutions 4 to /. The tie-line /m rep- 
resents binary equilibrium. The liquids 
e to f are in equilibrium with carnegieites 
varying in composition from i to m, each 
joined by the appropriate tie-line. The 
tie-line mf again represents binary equil- 
ibrium as indicated by the brace. 
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Fic. 12.—Phase relations at 1,200° C. The lettering in the distorted diagram Fig. 12 (a) corresponds with 


that of the true scale figure. 


system are, at this temperature, similar 
to those already described and require 
no further mention. 

The areas close to the nepheline-sodi- 
um metasilicate join differ slightly and 
will be discussed with the aid of a dis- 
torted diagram, Figure 12 (a). The one- 
phase area of ternary solid solutions nim 
has decreased considerably in size. This 
area is determined by the equilibrium re- 
lations in the binary system nepheline— 
sodium metasilicate, at 1,200° C., and by 
the relations shown in Figure 1o at the 
same temperature. Mixtures in the area 





THE 1,164° C. ISOTHERM 

As shown in Figure 13, this is the 
temperature of the (pseudo-)eutectic of 
the system wollastonite-nepheline. A 
large portion of the system wollastonite- 
anorthite-nepheline is crystalline at this 
temperature. All mixtures lying in the 
triangle pseudowollastonite—anorthite—g 
(Ne«;An,;) are completely solid and con- 
sist of these three phases in proportions 
which may be determined by the geomet- 
rical relations of the composition point 
in that area. Mixtures in the triangle 
pseudowollastonite-g-g are completely 
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solid and consist of pseudowollastonite 
and a nepheline solid solution. 

In discussing the solid-phase triangles, 
it is assumed that there is no change in 
the amount of anorthite soluble in nephe- 
line, with falling temperatures. This is 
the equilibrium relation as indicated in 
the system nepheline-anorthite (Fig. 9). 
One three-phase boundary determination 


vary with changes of temperature, for a 
different nepheline solid solution would 
be in equilibrium with the two other solid 
phases at different temperatures, and its 
composition would be determined by the 
solidus relations in the system anorthite- 
nepheline. 

Liquid # is in equilibrium with pseudo- 
wollastonite and nepheline g. The point 
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Fic. 13.—Phase relations at 1,164° C. The inset Fig. 13 (a) is distorted to show the relations in the 


carnegieite field. 


made by the writer in the system wollas- 
tonite-anorthite-nepheline indicated that 
the nepheline solid solution contained 
30 per cent anorthite at a temperature of 
1,250 C. There is a possibility that the 
solubility of anorthite in nepheline de- 
creases with falling temperatures, al- 
though there is insufficient evidence to 
establish this relation conclusively. If 
there is decreasing solubility of anorthite 
in nepheline, then the three-solid-phase 
triangles—such as the area pseudowol- 
Jastonite—anorthite—nepheline(g)—would 





p is the pseudo-eutectic in the “binary” 
system CaSiO,;—NaAlSiQO,. 

Liquids # to e are in equilibrium with 
nephelines varying in composition from 
qg toh. All mixtures in the area pehg con- 
sist, at 1,164° C., of these two phases, as 
shown by the tie-lines. 

The relationships in the field of car- 
negieite are shown in the enlarged and 
distorted diagram Figure 13, a. The liq- 
uid ¢ is in equilibrium with nepheline / 
and carnegieite 7. The one-phase area of 
ternary carnegieite solid solutions imm is 
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much smaller than in the preceding dia- 
grams, and at a temperature 1° lower the 
area diminishes to a point. 


THE 1,123° C. ISOTHERM (FIG. 14) 


This isothermal plane shows the phase 
relations at a temperature just above the 
ternary eutectic (Z in Fig. 7). At this 
temperature there are two one-phase 
(liquid) areas in the system due to the 
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with nepheline of composition varying 
from r to s. 

The liquids w, x, and y are each in 
equilibrium with two solid phases. Liq- 
uids of composition between w and x are 
each in equilibrium with wollastonite. 
Liquids of composition between x and y 
are each in equilibrium with nepheline 
varying in composition from gq to r. 
Liquids varying in composition from y 
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Fic. 14.—The phase relations at 1,123° C. 


presence of a maximum temperature on 
the boundary curve between the fields of 
nepheline solid solution and the 1:2:3 
compound. Carnegieite no longer exists 
at this temperature. 

The 2:1:3 compound is stable at this 
temperature and is in equilibrium with 
liquid of composition varying from « to 2. 
All mixtures in the area 2:1:3-#-¥ con- 
sist of the 2:1:3 compound and liquid. 

The liquid 2 is in equilibrium with both 
1:2:3 and 2:1:3. Similarly, liquid / is in 
equilibrium with 1:2:3 and nepheline of 
composition s. 

The 1:2:3 compound is in equilibrium 


to w are in equilibrium with the com- 
pound 1:2:3. 

Other areas in this figure have the 
same properties as their analogues in the 
isothermal diagrams already described. 
It may be mentioned that the three- 
phase area representing the equilibrium 
between wollastonite, nepheline g, and 
liquid x is much larger than the analogous 
area in Figure 12. 


THE SOLID-PHASE RELATIONS 
Figure 15 shows the solid-phase rela- 
tions in the system. The quadrilateral is 
divided into a series of alternating two- 
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and three-phase areas, which indicate the 
final products of crystallization of all 
mixtures whose compositions lie within 
the system. 

- A mixture whose total composition lies 
in a three-phase area will, upon solidi- 
fication, consist of the three phases which 
form the apexes of that triangle. 

Mixtures whose total compositions lie 
in a two-phase area will, upon solidifica- 
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wollastonite-sodium metasilicate may be 
discussed with the aid of Figure 16. 


THE FIELDS OF NEPHELINE AND CARNEGIEITE 


A mixture of composition o will at 
1,340° C. yield carnegieite solid solution 
of composition poorer in sodium meta- 
silicate than p. With falling temperature, 
the liquid will change composition along 
a curved course og, and the composition 
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FIG. 15. 


tion, consist of two phases—a phase of 
fixed composition and a solid solution 
whose composition is given at the end of 
the tie-line joining the fixed phase and 
the composition point of the mixture. 

This diagram shows that pure nephe- 
line cannot coexist with a lime-bearing 
compound, for there is always anorthite 
in solid solution in the nepheline when 
lime occurs in the system. 


COURSES OF CRYSTALLIZATION 


The courses of crystallization within 
the various fields of the system nepheline- 
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The solid-phase relations. The numbers 2 and 3 signify two- and three-phase areas, respectively 


of the carnegieite will change until the 
liquid reaches the point g (1,241°C.). At 
this temperature the liquid will have 
the composition g, and the carnegieite 
the composition ~, with gp the tie line 
passing through the initial composi- 
tion point 0. The inversion of carnegieite 
to nepheline begins at this temperature, 
and the first nepheline crystals have the 
composition u. With falling temperature 
the composition of the liquid changes in 
the boundary curve, and the composition 
and proportions of both nepheline and 
carnegieite change until the point q’ is 
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reached (1,232°C.). Inversion of carnegie- 
ite to nepheline is completed at this 
temperature, since the tie-line g’u’ passes 
through the initial composition point o. 
The composition of the last trace of 
carnegieite is p’ and that of nepheline is 
u’, and the liquid has the composition q’. 
It should be noted that with falling tem- 
perature the carnegieite becomes richer 
in sodium metasilicate, while the nephe- 
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boundary kt (of the yr type in Fig. 14) 
passes through the initial composition 
point 0. With falling temperature the liq- 
uid & will move down the boundary curve 
to the reaction point R, yielding 1:2:3 
crystals and nepheline whose composi- 
tion changes from ¢ to s’’. At the re- 
action point R the liquid has the com- 
position R; nepheline, the composition 
s’’; and the liquid and 1:2:3 react to 
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Fic. 16.—Equilibrium crystallization in the system NaAlSiO,-CaSiO;-Na,SiO;. The abbreviation MEL 


signifies melilite. 


line solid solution contains less anorthite. 
With continued cooling the liquid gq’ 
will leave the boundary curve and follow 
a curved course g’k to the boundary curve 
between the fields of nepheline and 1: 2:3. 
The course is necessarily curved, since 
the composition of the nepheline changes 
continually; and it is probable that 
nepheline becomes slightly richer in 
anorthite with falling temperature. At 
point & on the boundary curve (tempera- 
ture 1,118°C.) the nepheline has the 
composition ?/, since the three-phase 


precipitate more nepheline of the same 
composition and the 2:1:3 compound, 
until the liquid is used up. The com- 
position of the initial mixture o lies in the 
triangle 1:2:3, 2:1:3, and nepheline s”’ 
(Fig. 15), so that the final products of 
crystallization are these three phases. 
The content of anorthite in the nepheline 
solid solutions decreases during the in- 
version interval; then it increases as the 
liquid follows a curved course to the 
boundary curve, and then decreases again 
as the liquid moves down the boundary 
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curve. There is no means of determining 
the extent of this change in composition, 
but such behavior must be inferred from 
theoretical considerations. 

The liquid a will begin to crystallize at 
a temperature of 1,200° C. with the sep- 
aration of nepheline solid solution con- 
taining less anorthite than c. The liquid 
will follow a curved course ab to the 
boundary curve, the nepheline becoming 
richer in anorthite; and when the liquid 
has the composition b, the nepheline has 
the composition c, for the tie-line bc (of 
the type yr in Fig. 14) passes through the 
initial composition point a. With cooling, 
the liquid d will move down the boundary 
curve, yielding nepheline solid solutions 
and crystals of the 1:2:3 compound. The 
nepheline solid solutions change in com- 
position and contain less anorthite. Crys- 
tallization is complete when the three- 
phase boundary 1:2:3-d (of the type 
1:2:3-s in Fig. 14) passes through the 
initial composition point a. This three- 
phase boundary is the base of a three- 
phase triangle (of the type s-f—-1:2:3 in 
Fig. 14) in which the apex is a liquid in 
the boundary curve between the fields of 
nepheline solid solution’ and 1:2:3. The 
apex of the triangle represents the com- 
position of the last minute quantity of 
liquid as the mixture becomes crystalline. 
The final products of crystallization are 
crystals of 1:2:3 and nepheline of com- 
position d. 

Crystallization of other mixtures in the 
fields of nepheline and carnegieite are 
similar to those already described. The 
final products of crystallization will con- 
sist of either two or three solid phases, 
depending upon whether the initial com- 
position of the mixture lies in a two- or 
phase area, as shown in Figure rs. 


CRYSTALLIZATION IN THE OTHER FIELDS 


The crystallization of liquids whose 
initial compositions lie in the fields of 
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pseudowollastonite, 1:2:3, 2:1:3, or so- 
dium metasilicate will be outlined briefly 
with the aid of Figures 15 and 16. 

All liquids in the field of pseudowollas- 
tonite begin crystallization with that 
compound as the primary phase and the 
composition of the liquid changes direct- 
ly away from the pseudowollastonite 
apex. The liquid will encounter the 
boundary curve of the field of 1:2:3, or 
the field of nepheline solid solutions, de- 
pending upon the initial composition 
point within the pseudowollastonite field, 
and one of these compounds will sepa- 
rate as the secondary phase. If nepheline 
is the secondary phase, its composition 
will be richer in anorthite than r’ when 
the boundary curve is encountered, and 
the approximate composition may be de- 
termined from the tie-lines of Figure 13. 
The liquid will become completely crys- 
talline at the ternary eutectic Z, yielding 
the phase assemblage wollastonite, neph- 
eline r’, and 1:2:3. All liquids in the 
field of pseudowollastonite become com- 
pletely crystalline at the ternary eutectic 
E, for the field lies within the three- 
phase area CaSiO,-1:2:3-nepheline ’ 
(Fig. 15). It should be noted that the 
inversion of pseudowollastonite to wol- 
lastonite will take place at 1,125°C. 
before the liquid encounters the ternary 
eutectic. 

Liquids in the field of the 1:2:3 com- 
pound will yield a number of different 
phase assemblages upon crystallization, 
depending upon the two- or three-phase 
area in which the initial composition 
point lies. If the initial composition point 
lies in the triangle wollastonite—-nephe- 
line r’—1:2:3 (Fig. 15), crystallization is 
completed at the ternary eutectic £; 
and these three phases are the final 
crystalline products. Liquids in the area 
1:2:3-9'-s”’ (Fig. 15) will yield crystals 
of the 1: 2: 3 compound and a nepheline of 
composition between 7’ and s”’ ; the liquid 
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moves down the boundary curve between 
the two fields toward the reaction point 
R, and crystallization is complete when 
the base of a three-phase triangle (of the 
type s-t-1:2:3 in Fig. 14) passes through 
the initial composition point. All liquids 
whose compositions lie in the three-phase 
area s’’-1:2:3-2:1:3 (Fig. 15) will be 
used up at the reaction point R and will 
yield those phases as the final products of 
crystallization. 

Certain liquids in the field of 1:2:3 
will not yield this compound as a final 
product of crystallization. This is due to 
the presence of the incongruent com- 
pound 2:1:3 in the field of Na,O-2CaO- 
38i0,. All mixtures in the two-phase 
area 2:1:3-nephelines s”’ to a’ (Fig. 15) 
will yield 2:1:3, and a nepheline of com- 
position determined by the tie-line which 
passes through the initial composition 
point. This tie-line is the base of a 
three-phase triangle whose apex is a liq- 
uid in the boundary curve between the 
fields of nepheline and 2:1:3. 

The three-phase area 2:1:3-sodium 
metasilicate-nepheline a’ (Fig. 15) in- 
cludes mixtures whose compositions lie 
in the fields of 1:2:3, 2:1:3, and sodium 
metasilicate. For all these compositions 
the final products of crystallization will 
be sodium metasilicate, 2:1: 3, and neph- 
eline solid solution of composition a’. 
Mixtures in the fields of 2:1:3 and so- 
dium metasilicate exhibit simple sub- 
traction relations, with cooling; and their 
crystallization courses require no further 
discussion. The crystallization of liquids 
whose compositions lie in the 1:2:3 field 
of this three-phase area exhibit reaction 
relations, which may be illustrated by 
considering the crystallization of two 
typical mixtures. 

A liquid of composition e (Fig. 16) 
yields 1:2:3 as the primary phase and 
moves directly away from the 1:2:3 
composition point until the boundary 
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curve of the field of nepheline is en- 
countered. The first crystals of nepheline 
that are precipitated have a composition 
slightly richer in anorthite than nephe- 
line s’’. The liquid follows the boundary 
curve yielding crystals of 1:2:3 and 
nepheline solid solutions of decreasing 


anorthite content. When the liquid 
reaches the reaction point R, nepheline 
has the composition s’’. The tempera- 
ture remains constant while liquid and 
1:2:3 crystals react to form 2:1:3 and 
nepheline s’’. With the disappearance of 
the 1: 2:3 crystals a univariant equilibri- 
um condition again exists, and with 
further cooling the liquid follows the 
boundary curve between the fields of 
2:1:3 and nepheline, precipitating these 
two phases. The nepheline solid solu- 
tions change continually and contain 
less anorthite than nepheline s’”’.. When 
the liquid reaches the ternary eutectic 
E,, the nepheline has the composition a’ 
(Fig. 15). Sodium metasilicate separates 
together with 2:1:3 and nepheline a’ 
until crystallization is complete. This 
crystallization is typical of all mixtures 
within the area 2:1:3-N—R (Fig. 16). 
The liquid f separates 1: 2:3 as the pri- 
mary phase, moving directly away from 
that compound until the boundary curve 
of the field of 2:1:3 is encountered. The 
liquid follows the boundary curve sepa- 
rating 2:1:3 and resorbing 1: 2:3 crystals 
until the latter are completely dissolved. 
This condition obtains when a line pass- 
ing through the 2:1: 3 compound and the 
initial composition point, f, intersects the 
boundary curve. The liquid then leaves 
the boundary curve and moves across the 
field of 2:1:3 with the separation of that 
phase, until the boundary curve of so- 
dium metasilicate isencountered. Sodium 
metasilicate and 2:1:3 separate as the 
liquid moves down the boundary curve 
to the ternary eutectic Z,. At the eutec- 
tic, nepheline of composition a’ (Fig. 15) 












crystallizes together with sodium meta- 
silicate and 2:1:3 until the liquid is used 
up. This crystallization is typical of mix- 
tures in the area M—R-2:1:3 (Fig. 16). 


FRACTIONAL CRYSTALLIZATION 


Fractional crystallization of liquids 
within the system may be described with 
the aid of Figure 17. The perfect frac- 
tionation curves for liquids in the fields 
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temperature on the boundary curve be- 
tween the fields of nepheline solid solu- 
tions and the 1:2:3 compound. 

In the area to the left of the tie-line 
joining the 1:2:3 compound with the 
maximum temperature A and the frac- 
tionation curve ABC, liquids reach the 
ternary eutectic E. The products of 
crystallization do not differ appreciably 
from those obtained under equilibrium 
























signifies melilite. 


of nepheline and carnegieite solid solu- 
tions are a series of reverse curves 
emanating from the NaAlSiO, apex. 
Their reverse character is due to the 
presence of different compounds in solid 
solution in the low- and high-tempera- 
ture modifications of NaAlSiO,. With 
the failure of equilibrium, liquids of the 
system will complete their crystalliza- 
tion at one of the ternary eutectics, E or 
E,. The goal that is attained is governed 
by the location of the initial composition 
point with respect to the maximum 
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Fic. 17.—Fractional crystallization in the system NaAlSiO,-CaSiO,—Na,SiO;. The abbreviation MEL 





conditions; the difference is that there 
will be a range of nepheline solid solu- 
tions in the final crystalline product. 

In the area to the right of the fraction- 
ation curve CBA and the tie-line joining 
the 1:2:3 compound with the maximum 
temperatue A, the ultimate goal of frac- 
tional crystallization is the ternary 
eutectic E,. All liquids whose initial 
compositions lie in the area will reach 
this goal, for with the failure of equilib- 
rium no reaction occurs at the invariant 
point R, and liquids that reach R con- 
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tinue down the boundary curve to £,. 
The product of crystallization would con- 
sist of 1:2:3, nepheline solid solutions, 
2:1:3, and sodium metasilicate. 

Liquids that reach the boundary curve 
MR do not follow that curve but move 
across the field of 2:1:3 along courses 
shown in Figure 17. The liquids reach 
the boundary curve between 2:1:3 and 
nepheline or sodium metasilicate and 
follow the curve to the eutectic E,. The 
final products of crystallization are again 
1:2:3, 2:1:3, nepheline solid solutions, 
and sodium metasilicate. . 

Fractional crystallization in the sys- 
tem reduces the variety of phase assem- 
blages that result from complete crystal- 
lization of mixtures but increases the 
number of phases occurring in the final 
product. The residual liquids that reach 
the eutectic Z, are characterized by an 
impoverishment in lime and an enrich- 
ment in soda-alumina silicates. 

PETROLOGIC SIGNIFICANCE 

No new ternary compounds were en- 
countered in the system, and no quater- 
nary fields encroached upon this portion 
of the plane. The equilibrium relations 
in the system are ternary; and, although 
the composition of nepheline and car- 
negieite solid solutions can be expressed 
in terms of the three components— 
NaAlSiO,, CaSiO,, and Na.SiO,—if the 
proportion of the latter is considered a 
negative quantity, it is more convenient 
to express the compositions in terms of 
the compounds CaSiO,—CaAl,Si,O;—Na- 
AlSiO,-Na,SiO;. The four compounds 
all lie in the same plane and are related 
to each other in the manner of reciprocal 
salt-pairs. 

Compositions within the system, and 
the mineralogical assemblages, do not, 
in general, approximate those obtained 
in igneous rocks. Nepheline occurs as a 
primary constituent in many alkaline 
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rocks, and in some instances wollastonite 
is associated with it—although in very 
minor quantities. O. H. Erdmannsdérf- 
fer™ describes two rock types from the 
East African Rift—a wollastonite urtite 
and a wollastonite ijolite—in which wol- 
lastonite occurs in unusual abundance. 
In the former rock the mode contains 
approximately 72 per cent wollastonite, 
24 per cent nepheline, and 4 per cent 
perovskite. The textural relations of the 
minerals revealed that perovskite de- 
veloped distinct octahedral outlines and 
that wollastonite formed earlier than 
nepheline, although their crystal out- 
lines were not well developed. The crys- 
tallization of wollastonite as an early 
mineral is to be expected in a mixture of 
this composition. The rock types de- 
scribed by Erdmannsdorffer were ob- 
tained from ejected volcanic blocks, and 
no occurrences in situ of such wollas- 
tonite-rich rocks have ever been found. 
He does, however, mention certain lavas, 
in the same locality, which contain phen- 
ocrysts of nepheline and aegirine-augite 
with rarer wollastonite. 


THE POSITION OF THE TERNARY 
EUTECTICS 


Equilibrium studies of various systems 
containing lime, magnesia, iron oxide, 
alumina, soda, potash, and silica in pro- 
portions such as to give standard rock- 
forming minerals have shown that frac- 
tional crystallization tends to result in a 
concentration of alkali-alumina silicates 
in residual liquids.” Similar results are 
obtained in the system herein studied, 
and both equilibrium and fractional 
crystallization yield residual liquids that 

11“Uber Wollastoniturtit und die Entstehungs- 
weisen von Alkaligesteinen,”’ Sitzungsber. Heidelb. 
Ak. d. Wiss. (1935), pp. 1-23. 

'2 Bowen, “Recent High-Temperature Research on 
Silicates and Its Significance in Igneous Geology,” 
Amer. Jour. Sci., Vol. XX XIII (5th ser., 1937), pp. 


I-2I. 
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are impoverished in lime and enriched in 
soda-alumina silicates. The lowest-melt- 
ing liquid is at the eutectic E, (Fig. 7) 
and contains less than 3 per cent of the 
wollastonite molecule. The ternary eu- 
tectic Z, between wollastonite, nepheline 
solid solution, and 1:2:3, lies at a much 
higher temperature; but again the low- 
melting liquid tends toward an impover- 
ishment in lime, for the crystalline prod- 
uct contains about 10 per cent of the 
CaSiO, molecule. 


THE RARITY OF PURE END MEMBERS OF 
SOLID-SOLUTION SERIES 


Rock-forming minerals, with the ex- 
ception of quartz, are all members of 
solid-solution series. It is well known 
that pure-end members of solid-solution 
series are rarely, if ever, found in nature. 
Evidence from equilibrium investiga- 
tions likewise indicates that pure end 
members of solid solution series are not 
formed in synthetic melts when there 
are substances present with which they 
may form solid solutions. 

The system herein studied reveals that 
pure nepheline does not exist in the pres- 
ence of a lime-bearing compound. Pure 
nepheline cannot coexist with wollas- 
tonite, for reaction occurs between the 
two compounds to produce anorthite and 
sodium metasilicate, and the former 
enters into solid solution in nepheline. 
The nepheline solid solution which co- 
exists with wollastonite has a minimum 
anorthite content of 8 per cent. Similar- 
ly, the compounds 1:2:3 and 2:1:3 do 
not coexist with pure nepheline but are 
in equilibrium with nepheline solid solu- 
tions containing about 4 per cent and 1 
per cent of anorthite, respectively. 

Chemical analyses of natural nephe- 
lines indicate that their anorthite con- 
tent varies from o to 15 per cent. Bowen"? 

'8“The Sodium-Potassium Nephelites,” zbid., 
Vol. XLIII (1917), pp. 115-32. 
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compared the analyses of several typical 
nephelines and found that when the 
anorthite content of nepheline was high 
there was a tendency toward a low al- 
bite content, and vice versa. The in- 
ference was that nephelines containing a 
high albite content were formed from 
solutions containing sodic plagioclase, 
and in the case of a high anorthite con- 
tent the nephelines were formed from 
solutions of a calcic plagioclase. Evi- 
dence of a similar nature was obtained in 
this system, for the nepheline solid solu- 
tion in equilibrium with wollastonite has 
a much higher minimum anorthite con- 
tent than the nepheline in equilibrium 
with the soda-rich lime compound, 
2Na,0-Ca0O-3Si0.. 

Other high-temperature investigations 
have shown that, when lime is present in 
mixtures containing the albite molecule, 
some anorthite is produced by reaction 
and a plagioclase is formed. This reac- 
tion effect has been obtained by Schairer 
and Bowen," in the system albite-diop- 
side; by A. T. Prince,*5 in the system al- 
bite-sphene; and by Foster," in the sys- 
tem wollastonite-albite. 


CRYSTALLIZATION IN THE SYSTEM WOL- 
LASTONITE-NEPHELINE AND THE SYS- 
TEM ANORTHITE-WOLLASTONITE-NEPH- 
ELINE 
It has been mentioned in the “Intro- 

duction” that mixtures in the system 

nepheline-wollastonite and certain mix- 

tures of the system wollastonite-anor- 

thite-nepheline do not crystallize within 
the confines of their systems, as a result 
of the enrichment of the liquid in so- 
dium metasilicate. The products of crys- 
tallization can be readily determined 

with the aid of Figure 15. 
™4 Unpublished data. 

*5 “The System Albite-Anorthite-Sphene,” Jour. 

Geol., Vol LI (1943), pp. 1-16. 

6 See ftn. 3 (1942). 
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On the join nepheline-wollastonite, in- 
itial mixtures containing up to go per 
cent of nepheline will yield wollastonite, 
nepheline solid solution containing 8 per 
cent of anorthite, and 1: 2:3, as final prod- 
ucts. Mixtures containing over g1 per 
cent nepheline will yield phase assem- 
blages consisting of two or three crys- 
talline products, depending upon the 
two- or three-phase area in which the 
composition of the mixture lies. These 
phase assemblages are: nepheline solid 
solution and 1:2:3; nepheline solid solu- 
tion, 1:2:3 and 2:1:3; nepheline and 
2:1:3; nepheline, 2:1:3 and sodium 
metasilicate; or nepheline and sodium 
metasilicate. Thus six different phase as- 
semblages are possible products of crys- 
tallization of mixtures on the join nephe- 
line-wollastonite which one might expect 
to constitute a simple system; only one 
of these assemblages contains wollaston- 
ite as a constituent. With fractional 
crystallization all mixtures containing 
over g1 per cent nepheline yield sodium 
metasilicate in the final product. 

In the triangle wollastonite-anorthite- 
nepheline, mixtures with small amounts 
of wollastonite and anorthite, as plotted 
in that triangle, will not yield these 
phases in the final product of crystalliza- 
tion. Six different phase assemblages re- 
sult from equilibrium crystallization of 
liquids which pass out of the initial 
triangle and enter the triangle nepheline- 
wollastonite-sodium metasilicate. The 
composition of these phase assemblages 
depends upon the location of the initial 
composition point with respect to the 
two- and three-phase areas as shown in 
the solid-relations diagram (Fig. 15). 
Again, with fractional crystallization, 
all mixtures that do not reach the ternary 
eutectic E yield sodium metasilicate in 
the final crystallization product. 

The enrichment of the residual liquids 
in sodium metasilicate is analogous to the 
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natural processes in which highly sodic 
liquids may be concentrated near the 
close of the period of magmatic crystal- 
lization, and such processes are often 
considered as the explanation of the late- 
stage albitization phenomena observed 
in many acid and basic igneous rocks.*’ 


THE CHEMICAL SIMILARITY BETWEEN 
Na,O-2CaO-3SiO, AND 
PECTOLITE 


Although 1:2:3 and pectolite are not 
correlative in optical and crystallograph- 
ic properties, there is a chemical similar- 
ity between the two, and there is a cer- 
tain parallelism between the association 
of wollastonite and pectolite in nature 
and the association of CaSiO, and 1:2:3 
in the system. Pectolite has the molec- 
ular proportions H,O- Na,O- 4CaO- 6Si- 
O.,, and this may be regarded as the 
equivalent of 2(Na,O- 2CaO- 3SiO.) with 
the replacement of one Na,O by one H,O 
molecule. Pectolite has natural occur- 
rences and associations that are similar 
to those of wollastonite. The field of the 
1:2:3 compound is adjacent to that of 
CaSiO, in the system, and the two are 
associated with nepheline at the ternary 
eutectic E (Fig. 7). 

In natural occurrences, pectolite has 
been reported as a minor constituent of 
nepheline-bearing rocks. Thus, S. J. 
Shand" has described wollastonite-pecto- 
lite in the foyaites of Sekukuniland, in 
quantities varying from o to 6 per cent. 


17 E. B. Bailey and G. W. Grabham, “Albitization 
of Basic Plagioclase Feldspars,” Geol. Mag., Vol. VI 
(1909), pp. 250-56; G. H. Anderson, “‘Granitization, 
Albitization, and Related Phenomena in the North- 
ern Inyo Range of California-Nevada,” Bull. Geol. 
Soc. Amer., Vol. XLVIII (1937), pp. 1-74; R. J. 
Colony, “The Final Consolidation Phenomena in the 
Crystallization of Igneous Rocks,” Jour. Geol., Vol. 
XXXI (1923), pp. 169-78. 

8“The Nepheline Rocks of Sekukuniland,” 
Trans. Geol. Soc. So. Africa, Vol. XXIV (1921), pp. 
III-49. 
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The optical properties of the mineral 
showed certain characteristics of wollas- 
tonite, and others which were similar to 
pectolite, so that Shand suggested the use 
of the double name until more definite 
evidence could be obtained. Shand men- 
tions a similar occurrence of a pectolite 
mineral in the lujaurites in Pilandsberg 
which were described by Brouwer. 

Perhaps pectolite is produced in natu- 
ral rocks by fractionation effects similar 
to those whereby 1:2:3 is formed in the 
present system, but in the natural mag- 
mas the presence of water induces forma- 
tion of the hydrous phase. 


THE WOLLASTONITE-ANORTHITE-NEPHE- 
LINE-SODIUM METASILICATE 
EQUILIBRIUM 

The equilibrium relations in the quad- 
rilateral wollastonite-anorthite-nephe- 
line-sodium metasilicate provide evi- 
dence concerning the formation of nephe- 
line-bearing rocks as a result of reaction 
between residual liquids and certain 
crystalline phases in the magma. 

In order to simplify the discussion of 
the equilibrium relations, it is convenient 
to neglect the presence of the compounds 
1:2:3 and 2:1:3 and to consider only the 
quadrilateral formed by the four com- 
pounds. The compounds at the ends of 
the diagonals may be taken to represent 
reciprocal salt-pairs,’® each of which may 
undergo partial double decomposition to 
form the other pair. In this simplified 
view a line approximating the conjuga- 
tion line, wollastonite-nepheline, would 
divide the quadrilateral into two parts 
only. The three solid-phase assemblages 
that would exist under this simplification 
would be either wollastonite-anorthite- 
nepheline or nepheline-wollastonite-so- 
dium metasilicate. Sodium metasilicate 
and anorthite will not occur together in 


19 A. Findlay, The Phase Rule (New York: Long- 
mans, Green & Co., 1927), p. 278. 








any phase assemblage. The equilibrium 
between the salt pairs may be expressed 
by the equation 


CaAl,Si,Os + Na,SiO, 
= 2NaAlSiO, + CaSiO, . 


The reaction between anorthite and so- 
dium metasilicate tends to destroy one 
of the pair with the concomitant forma- 
tion of nepheline and wollastonite. How- 
ever, the reaction does not go to com- 
pletion, and some anorthite enters into 
the nepheline mix-crystals. For this 
reason the conjugation line in the system 
is Ne,,Ans—wollastonite instead of the 
join between the latter and pure nephe- 
line. 

Shand”’ has postulated this reaction 
for the formation of nepheline, and the 
present investigation indicates that such 
a reaction might occur. However, Shand 
believes that the sodium metasilicate 
content of the residual liquid results from 
reaction between limestone and magma. 
The present investigation shows that 
residual liquids become enriched in so- 
dium metasilicate as a result of fractional 
crystallization, and it may be that it is 
sodium metasilicate liquids of this latter 
provenance that produce the effects 
Shand postulates—if, indeed, they do 
occur. 
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20 “T imestone and the Origin of Feldspathoidal 
Rocks,” Geol. Mag., Vol. LX VII (1930), pp. 415-27. 


[Ep1tor’s Notre.—If either nepheline or pseudo- 
wollastonite has a composition outside the plane of 
Fig. 8, the maximum on their boundary curve would 
not have precisely the significance atttached to it 
here or in Gummer, Jour. Geol., Vol. LI (1943), 
p. 519.—N.L.B.] 
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EFFECT OF SEDIMENTATION ON FLOODS IN THE 





KICKAPOO VALLEY, WISCONSIN 


STAFFORD C. HAPP 
U.S. Engineer Office, Ocala, Florida 


ABSTRACT 


The Kickapoo River, a tributary of the Wisconsin River, is the largest stream entirely within the rugged 


Driftless Area of the Upper Mississippi Valley. 
relief of about 400 feet. 


The drainage area is submaturely dissected, with an average 
Deforestation, cultivation, and grazing of the sloping ridge crests and valley sides 


have resulted in greatly accelerated soil erosion, and consequently fluvial sedimentation has also been accel- 
erated. Nearly all the dark-gray or black first-bottom soils have been covered by stratified brownish ‘‘mod- 
ern’? sandy silt since about 1850. Numerous test borings indicate that the flood plains of the main Kickapoo 


River and the lower parts of two main tributaries have been aggraded an average of about 2.5 feet. 


Re- 


surveys of river cross sections beneath railroad bridges indicate an average rate of river-channel aggrada- 
tion of about 1 foot in twenty years, and it is concluded that the river and flood plain are being aggraded at 


about the same rate. 


Excessive sedimentation from flood waters aggravates flood damage, and aggradation of the channel and 
flood plain is causing more frequent, deeper, and more extensive flooding of low alluvial terraces. The increas- 
ing frequency of terrace flooding is particularly serious, because these terraces are the sites of most of the 
towns. It has been estimated that the average annual urban flood damages may be increased about 40 per 
cent in twenty years as a result of the increasing flood heights in the seven towns. Damage to agricultural 
lands and crops and to highways will also be increased, but these effects have not yet been evaluated. 


INTRODUCTION 

The Kickapoo River is a tributary of 
the Wisconsin River in southwestern 
Wisconsin. It rises in Monroe County 
and flows generally southward for about 
85 miles, measured along its sinuous 
valley, through Vernon and Crawford 
counties. It joins the Wisconsin River 
near Wauzeka, some 15 miles above the 
confluence of the Wisconsin with the 
Mississippi River. The drainage basin of 
about 768 square miles lies entirely with- 
in the Driftless Area and is submaturely 
dissected in the present erosion cycle. 
The average relief is about 400 feet 
throughout the whole area. The bedrock 
consists principally of Cambrian sand- 
stones with some shales and overlying 
Ordovician Oneota dolomite, all dipping 
gently southwestward. The dolomite 
typically forms cliffs near the crests of 


™ “Modern” sediment is here defined as _ the 
sediment accumulated since white settlement and 
the resulting cultural acceleration of soil erosion. 
In the Kickapoo Valley, such modern sediment is 
less than a hundred years old. 
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the Kickapoo Region, Wisconsin,” 
Amer., Vol. L (1939), pp. 819-80. 


the ridges, and there are small remnants 
of the overlying Ordovician St. Peter 
sandstone exposed in places on the ridge 
tops. The ridges maintain roughly ac- 
cordant elevations, probably because of 
peneplanation in a former erosion cycle.? 
A surficial layer of a few feet of Pleisto- 
cene loess covers the bedrock and its 
residual mantle on the ridge tops, and is 
mixed with varying proportions of re- 
sidual material in the soil cover on the 
steeper valley sides. Nearly all of the 
more gently sloping ridge crests and the 
alluvial valley bottoms are cleared and 
cultivated or used for cattle pasture. The 
steeper valley sides are also usually 
pastured but generally have some degree 
of forest cover. Dairy farming is the 
principal industry. 

In common with nearly all parts of the 
United States, agricultural development 
has vastly increased the rates of surface- 
soil erosion, and a considerable part of 


2 Robert Ellery Bates, ““Geomorphic History of 
Bull. Geol. Soc. 
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the topsoil has been washed from the 
sloping lands. Large gullies are rare, but 
sheet erosion and rills are very active 
wherever sloping land is cultivated, over- 
grazed, or otherwise deprived of the pro- 
tection of vegetation. In consequence of 
this accelerated soil erosion, sediment 
movement into the valleys has been 
vastly increased, and there has been 
notable aggradation of the alluvial flood 
plains. 


FLOOD-PLAIN SEDIMENTATION 


Measurements of the depth of modern 
sediment on the flood plain were made 
by test borings with soil augers. Almost 
everywhere there is a buried dark-gray 
or black soil horizon, of high organic con- 
tent, overlying lighter gray subsoil ma- 
terial. Usually the old topsoil and sub- 
soil are of silt or silt-loam texture, and 
silty water-bearing alluvial sand is usual- 
ly encountered not more than 6 feet be- 
low the old topsoil horizon. The old, 
dark topsoil horizon is itself seldom more 
than 6 feet beneath the present flood- 
plain surface, and often it can be seen in 
natural or artificial exposures to rise to 
the present surface near the flood-plain 
margin. Above the dark horizon the 
sediment is distinctly brownish in color, 
as contrasted to the dominantly gray 
color below the dark horizon. In many 
places the brown sediment is clearly and 
distinctly stratified in sandy and silty 
beds, which usually vary from a fraction 
of an inch to 6 inches or more in individu- 
al thickness. No such bedding is recog- 
nizable in the old dark soil or subsoil, 
although these typically show a grada- 
tional color change, becoming lighter 
downward. These characteristics make 
it easy to distinguish the top of the old 
soil horizon and to measure the thickness 
of overlying sediment within an accuracy 
of about 1 inch. It is inferred that the 








differences in color and stratification are 
due to the much longer time that the 
older material, which is clearly alluvial 
in origin, has been in place, and the con- 
sequent destruction of original strati- 
fication by soil processes. It is also rea- 
sonable to suppose that the older ma- 
terial accumulated much more slowly, 
but the characteristic differences be- 
tween the older and newer overlying ma- 
terial are not known to be critically 
diagnostic of the relative rates of ac- 
cumulation. 

The old dark topsoil horizon is be- 
lieved to have been at the surface of the 
flood plain when the country was settled, 
the forests were removed, and the present 
agricultural development was begun. 
This interpretation is based on wide- 
spread research in other areas where soils 
and sedimentation conditions appear to 
be similar, although only a small part of 
the accumulated evidence has been pub- 
lished. The interpretation is extended 
to the Kickapoo Valley with assurance, 
although there was no opportunity for a 
comprehensive investigation in this par- 
ticular area. Generally, this interpreta- 
tion is based chiefly on four factors: 


1. Reports of old residents who can remem- 
ber when the bottom-land soils were gen- 
erally black in color, where they are now 
dominantly brownish 

2. Frequent presence of cultural artifacts of 
obviously recent date in the overlying 
brownish sediment, such as metal pipe, 
wire and domestic utensils, ax- or saw- 
marked logs or boards, or buried fence 
posts, and the apparent complete absence 
of such “modern” artifacts beneath the 
dark-soil horizon, except occasionally 
where there has been obvious disturbance 
of the soil material above the buried object 


3 Stafford C. Happ, Gordon Rittenhouse, and 
G. C. Dobson, “Some Principles of Accelerated 
Stream and Valley Sedimentation,” U.S. Dept. Agr. 
Tech. Bull. 695 (1940). 
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Fic. 1.—Index map of Kickapoo Valley area, Wisconsin 
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3. Lateral continuation of the present dark 
surface soils from gently sloping areas ad- 
jacent to the flood-plain margin, beneath 
the present brownish alluvium of the 
flood-plain surface and into obvious con- 
tinuity with the buried dark horizon 

4. Occasional verification from comparisons 
between successive survey records or from 
the depth of accumulation around objects 
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100 feet on sixty-three valley cross sec- 
tions. The cross sections were distributed 
at variable intervals from the confluence 
of the Kickapoo Valley with that of the 
Wisconsin River near Wauzeka, up the 
main valley to the mouth of Morris Creek 
near Oil City, up Morris Creek to a little 
above Norwalk, and in the West Branch 


- a 2 . ” by 
wy ie 


Fic. 2.—Typical view of the Kickapoo River, about 1 mile north of Soldiers Grove, Wisconsin. Test 
borings here show the old dark top-soil horizon present within a few feet of the top of the channel banks, on 
either side, so that the rate of lateral channel migration has been relatively slow. The average depth of mod- 
ern sediment over this old soil horizon, in the fields shown in the middle distance, is about 3 feet. 


which can be dated fairly precisely, such 
as young trees or artificial structures, that 
the rate of sedimentation during a specific 
period of years has been similar to that re- 
quired by the interpretation that all the 
brownish sediment has accumulated since 
the time of white settlement 


Using the black-soil or dark-soil hori- 
zon as a criterion, the depth of overlying 
modern sediment was measured by auger 
borings at average distances of about 





valley up to the vicinity of Bloomingdale. 
The areas of flood-plain sedimentation 
were measured by planimeter on avail- 
able maps. In the vicinity of seven vil- 
lages topographic maps on a scale of 400 
feet to the inch with 2-foot contours, 
based on surveys by the United States 
Engineer Office, St. Paul District, were 
available. For the remainder of the val- 
ley, topographic maps of the United 
States Geological Survey, which have a 
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scale of about 1 mile to the inch with a 
20-foot contour interval, and county soil- 
survey maps of the Department of Agri- 
culture on the same base, were used. The 
limits of the area of sedimentation were 
determined by borings at the cross- 
section lines and were sketched on the 
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individual segments, and the total area 
determined by summation may be con- 
siderably more precise, as the individual 
errors are presumably largely compensa- 
tory. 

For each pair of successive cross sec- 
tions the average depth of sediment was 





Fic. 3.—Fresh sand deposit in foreground on modern low flood-plain surface of lateral accretion. Corn 
shocks and barn in background stand on older flood-plain surface, where there have been about 2 feet of 
modern vertical accretion over the old dark topsoil. Twelve miles south of Avalanche, on the West Fork of 
the Kickapoo River. This is in the zone of channel-widening and sediment production by accelerated bank 


erosion. 


maps from field inspection in the inter- 
vening areas. In mapping, considerable 
reliance was placed on the topographic 
features and soil-type boundaries, shown 
on the base maps, and the results are 
probably as accurate as the scales of the 
base maps justify. No attempt was made 
to trace out the margins of the sediment 
in minute detail on the ground. The 
errors in surface areas thus determined 
are probably less than ro per cent for 





taken as the average of that found at the 
two bordering cross sections, and this 
average depth was multiplied by the in- 
tervening surface area of flood-plain sedi- 
ment to obtain an approximate sediment- 
volume figure. The summation of data 
for the areas covered by these surveys, 
as listed in Table 1, indicates a total 
volume of about 31,600 acre-feet of sedi- 
ment covering about 12,430 acres to an 
average depth of about 2.5 feet. -Gen- 








erally, the flood-plain sediment is thick- 
est in the vicinity of Readstown and 
Soldiers Grove, or slightly more than 
halfway down the main valley. The 
greatest average depth found in this 
vicinity was 5.6 feet, about 1.2 miles 
north from Soldiers Grove. The depth 
becomes progressively but irregularly less 
both upstream and downstream. At the 
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where it is confined by resistant rock ter- 


races. 

There are concentrations of sediment 
near the mouths of some of the tributar- 
ies, in what are essentially alluvial fans 
of flat slope and relatively small depth. 
Alluvial fans at the mouths of gullies and 
steep hillside ravines are common, but 
they are small and in the aggregate are 


TABLE 1 


VOLUMES OF MODERN SEDIMENTATION IN KICKAPOO VALLEY 


MEASURED BY SEDIMENTATION 


VALLEY SECTION 


Valley 
Length 
(Miles) 
Above Oil City. ; ; ‘ 
Oil City to La Farge... .. 20.0 
La Farge to West Fork. . 3.4 } 
West Fork to Soldiers Grove 7.6 
Soldiers Grove to Gays Mills 8.3 
Gays Mills to Steuben..... 12.0 
Steuben to Wauzeka..... 12.9 
Morris Creek above Norwalk a 
Morris Creek below Norwalk 6.5 
West Fork above Blooming- } 
PE Ee 
West Fork below Blooming- | 
MR has. S a eres 13.4 | 


_ ae 


Estimated total area. . 


Estimated total sediment... .. So ain 





* Includes main valley. 


confluence with the Wisconsin Valley the 
average depth was found to be about 1.7 
feet, and at the uppermost cross section, 
about 0.25 mile north of Norwalk on 
Morris Creek, the average depth was 
about 1.8 feet. The greatest average 
depth measured on any cross section was 
5.9 feet about 0.25 mile south of Ontario; 
but at the next section, 5.75 miles farther 
downstream, the average depth was only 
0.3 foot. Both of these latter measure- 
ments are in a narrow reach of the valley, 





ESTIMATED FOR 


SURVEY TRIBUTARIES 
Surface | Sediment Sediment 
Area | Volume Volume 
(Acres) (Acre-Feet) | (Acre-Feet) 
—)- - —— 
= Non | 1,385* 
1,664 | 3,574 1,610 
2,448 | . 51080 650 
735 3,370 | 335 
1,285 | 4,793 | 850 
1,790 4,842 160 
1,644 2,589 370 
5s a ie 370* 
834 889 120 
| 
| 350° 
' 
2,030 | 5,857 | 200 
one | is 
12,430 31,600 =| 6,400 


18,830 acres 
38,000 acre-feet 


much less conspicuous or important than 
in some other areas where sand or 
boulders form a larger proportion of the 
sediment. 

Estimates were made of the volume of 
modern sediment in the upper parts of 
the three valleys partially covered by the 
boring surveys and in all other principal 
tributary valleys. This was done from 
numerous observations of the thickness 
of modern sediment as exposed in the 
banks of tributary stream channels and 
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from random test borings. The average 
depth of modern flood-plain cover in the 
tributary valleys was estimated to be 
about 1 foot, but for various individual 
valleys examined the estimates ranged 
from an average of 3 inches to an average 
of 13 feet. These depths do not apply 
to all alluvial lands but only to the areas 
of first-bottom alluvial soils that have 
been generally subject to frequent over- 
flow and recognizable sediment accumu- 
lation. The areas involved were estimat- 
ed from reconnaissance examinations by 
automobile along most highways follow- 
ing the valleys and are only very rough 
approximations of the true areal magni- 
tude. The area was estimated as 6,400 
acres, and the volume is accordingly es- 
timated as 6,400 acre-feet. These esti- 
mates may be much too low, for the soils 
maps show something like five times as 
much acreage of alluvial soils normally 
subject to overflow in the tributary val- 
ley systems. Some of the apparent dis- 
crepancy is due to absence of recogniz- 
able modern sediment from part of the 
alluvial soils and to the presence of the 
relatively wide channels which in many 
places constitute an appreciable part of 
the areas mapped as alluvial soils. The 
time available for the study was in- 
sufficient to allow more definite check on 
areal data; but, if there is much error in 
the estimates, it is believed to be in the 
direction of minimizing the actual sedi- 
ment volume. 

There is some additional modern sedi- 
ment scattered in discontinuous deposits 
in smaller valleys not represented by 
these estimates and too small to be shown 
on the scale of the county soils maps. 
There also is known to be a considerable 
volume in many small upland swales, be- 
hind fence rows, and forming colluvial 
slope deposits. There is no adequate basis 
for estimating the volume of these dis- 
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continuous deposits, but there is a vast 
number of small upland and slope ac- 
cumulations, and in the aggregate they 
may include a large proportion of the 
total amount of soil which has been 
moved from place on the upland ridges 
and the valley sides. Accurate measure- 
ment of the smaller deposits.would not 
only require a relatively large amount of 
time for detailed mapping but would also 
involve difficulties in identification, for 
many of these deposits are composed of 
topsoil material deposited over other 
topsoils, or over subsoils exposed by 
sheet erosion, and often there has been 
intimate mixture by plowing and cultiva- 
tion. 


CHANNEL AGGRADATION 


The methods used for measurement of 
flood-plain sedimentation do not provide 
direct evidence as to what has occurred 
within the river channel. In some places 
the thickness of modern sediment on the 
flood plain is approximately the same as 
the height of the stream banks, so that 
some aggradation of the river bed appears 
certain to have occurred, but in most 
places there are no such significant re- 
lations. In many of the smaller, steeper 
valleys there have been a few feet of 
modern overwash on the dark soil of the 
flood plains, alongside stream channels 
which appear to be deepening. In the 
main Kickapoo River flood plain, records 
of successive surveys of the river cross 
sections beneath railroad bridges appear 
to offer the best evidence concerning 
channel conditions. Bridges often cause 
disturbances of the flow and conse- 
quently distort the channel cross sections, 
but field inspection indicated that the 
channels beneath the existing bridges 
were not appreciably different from the 
places where there were no bridges or 
other local cultural obstructions. 
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Records of former cross-section sur- 
veys beneath twelve bridges over the 
Kickapoo River were supplied by Mr. 
R. J. Middleton, Assistant chief en- 
gineer of the Chicago, Milwaukee, St. 
Paul, and Pacific Railroad Company, 
whose generous assistance is here ac- 
knowledged. One of these bridges is at 
the confluence of the Kickapoo with the 
valley of the Wisconsin River, and the 
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least twenty years prior to 1939. The 
records are thus believed to cover a 
sufficiently long period to eliminate any 
short-term fluctuations incident to chan- 
nel adjustments related to particular 
floods or periods of low flow. The fact 
that comparisons cover periods of differ- 
ent length also tends to minimize errors 
commonly incident to short-term fluctu- 
ations in the river-bed elevation. 


TABLE 2 


SUMMARY OF DATA ON CHANGES IN CROSS SECTIONS BENEATH KICKAPOO RIVER RAILROAD BRIDGES 


BRIDGE | cesta PERIOD 
No. | | (YEARS) Width 
| | (Feet) 
B-318... | Mouth of Kickapoo Valley = ; po 
ia ‘ | 35 
B-620 | 2 mi. N. of B-318 ae a 
B-702 | 14 mi. N. of Soldiers Grove} 31.4 | 178 
B-706 2 mi. N. of Soldiers Grove| 31.4 236 
B-716....| } mi. S. of Readstown 19.8 134 
B-718 | 13 mi. N. of Readstown 31.2 | 210 
( ‘ 
B-722....| 3 mi. N. of Readstown ig | 237 
. I1.of 237 
} 

. — we jgt.t | 216 
B-724... | 3 mi. N. of Readstown \tr.of | 118 
B-738 “a i mi. S. of Viola 26.1 | 208 
B-752....| 23 mi. S. of La Farge 10.2 | 212 
B-756....| 13 mi. S. of La Farge | 24.2 | 172 | 
B-758 } mi. S. of La Farge 25.9 163 | 

Average........ oe 26.6 

* 1927-30. T 1928-30. 


other eleven are located at variable inter- 
vals to La Farge, a little more than half- 
way up the Kickapoo Valley. Ten are 
between La Farge and Soldiers Grove in 
the reach where flood-plain sedimenta- 
tion appears from the other data to be 
most active. Eleven of these bridge sec- 
tions were resurveyed in May, 1939; and 
the twelth one, nearest the mouth, in 
August of that year. For three bridges 
records were available from two previous 
surveys at different dates, and for ten 
of them the original survey was made at 


Cross SECTION 





AVERAGE 
DEPTH OF 
SEDIMENTATION 


Loss OF OPENING 
BENEATH 


Sediment BASE OF RaIL 
Accumulation (PERCENTAGE) 
} (Sq. Feet) Feet Feet/ Year 
180.0 0.5 0.02 4.8 
—134.0 G4 j—8.45 —3.9 
0.0 0.0 0.00 0.0 
112.0 0.6 0.02 6.0 
328.0 1.4 0.04 15.2 
— 274.0 —2.4 |—0.12 —22.0 
832.5 4.0 0.13 38.5 
717.0 3.0 | 0.10 26.0 
215.0 °.9 0.08 7.8 
335.0 3.0 0.10 20.9 
130.5 1.8 o.II 10.9 
300.0 1.4 0.05 14.0 
—4.0 0.0 | 0.00 0.0 
448.0 $3 | @.e 1 33.0 
228.0 1.4 °.06 I5.0 
| ©.05 
' 
Table 2 lists the significant data from 


the comparative bridge-section surveys. 
For the full periods of record at each 
bridge, which average 26.6 years, the 
average depth of sedimentation for all 
eleven bridges was about 1.4 feet, and 
the average loss of cross-sectional area 
beneath the base of rail on the bridges 
was 14.3 per cent. The proportional loss 
of free waterway opening has been even 
greater but is not readily expressed as a 
significant average value because of arti- 
ficial modifications. The rate of filling on 
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the narrow sections of overbank flood 
plain included under the bridges is 
practically the same as on the channel 
bed, and the average rate of aggradation, 
computed for the entire width of the sec- 
tions beneath the twelve bridges, is 
shown to be about 0.05 foot per year, or 
equivalent to about 1 foot of aggrada- 
tion in twenty years. 

Comparative data were also supplied 
for two bridges across the Kickapoo 
River near Wilton, and one across Morris 
Creek near Norwalk, by Mr. A. W. Rich- 
ardson, division engineer of the Chicago 
and Northwestern Railroad Company. 
The records on these bridges included 
resurveys which had been made so re- 
cently that it was unnecessary to make 
new surveys. The channels in these 
places, near the head of the stream sys- 
tem, have been enlarging slightly rather 
than filling as has been the case in the 
middle and lower part of the Kickapoo 
Valley. This is in accord with the ap- 
pearance of the channels. A number of 
bridges across small tributaries on the 
Chicago, Milwaukee, St. Paul, and Pa- 
cific Railroad were also resurveyed, but 
results were so greatly and irregularly 
variable that it is concluded they have 
been affected by temporary or local 
factors, such as artificial cleaning of 
channels and channel avulsions, to such 
an extent that they do not provide a re- 
liable indication of average channel con- 
ditions. 


STREAM-BANK EROSION 


Throughout most of the length of the 
main Kickapoo Valley and the lower 
parts of the West Fork and Morris Creek 
valleys, the stream channels are quite 
stable in appearance, and stream-bank 
erosion is approximately equaled by 
stream-bank deposition, although the 
erosion and deposition usually occur on 





opposite sides of the channel. In the 
smaller, steeper valleys lateral bank ero- 
sion is proceeding faster than lateral ac- 
cretion of sediment on the channel banks, 
so that the stream channels generally 
appear to be widening. Along part of 
their length these channels have raw, 
nearly vertical banks on both sides. 
Where lateral accretion is taking place 
on the inside of bends, such new deposits 
are typically several feet lower in eleva- 
tion than the older flood-plain or alluvial- 
terrace surface being cut away on the 
outer side of the bend. Thus there is an 
appreciable sediment production within 
these small valleys, despite the fact that 
the flood-plain surfaces are being ag- 
graded by vertical accreticn. 

In most places there is no definite 
evidence as to the amount that the 
tributary streams have widened their 
channels during the modern period. 
Throughout the Upper Mississippi Valley 
region, however, it is quite definitely es- 
tablished that such intermittent and 
ephemeral streams generally had much 
smaller channels when the country was 
first settled. This conclusion is based 
chiefly on reports from old residents, who 
can remember when the channels were 
much smaller, and in some places is sup- 
ported by records of early land surveys. 
The present channels are quite irregular 
in width, as is to be expected where 
advanced-cut meandering‘ is prevalent, 
and frequently it may be seen that the 
low-water flow occupies most of the 
channel bottom in the narrower places. 
Therefore, it has been estimated that 
these channels, in their natural con- 
dition, were approximately as wide as the 
present narrow reaches and that the 
present disparity in widths is a rough 

4 F. A. Melton, “An Empirical Classification of 


Flood-Plain Streams,” Geog. Rev., Vol. XXVI 
(1936), Pp. 593-609. 
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measure of the amount of widening that 
has occurred during the period of ac- 
celerated erosion. With the above rule as 
a guide, the average areas and volumes 
of modern bank erosion were estimated 
for each of the main tributary valleys on 
the basis of observations covering 10-50 
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10 per cent, of the modern sediment on 
the flood plains has been derived from 
bank erosion. 


RATES OF SEDIMENTATION 


The first white settlements in the 
Kickapoo drainage area were made about 





wn ol 


Fic. 4.—Cut-bank exposure showing 3 feet of stratified modern sand and silt overlying the old black 
topsoil horizon. This picture was taken on the alluvial fan of Sand Creek, a tributary of the Kickapoo, and 
shows more sand (light-colored layers) in the modern alluvium than is common on the main Kickapoo flood 


plain. 


per cent of the channel lengths. Sum- 
maries of these estimates indicate a total 
sediment output from accelerated or 
modern bank erosion amounting to about 
2,200 acre-feet. This estimate is probably 
less accurate than the estimates of vol- 
umes of sediment deposition, and it may 
be 100 per cent in error, but it is believed 
to be sufficiently reliable to show that 
only a small part, probably less than 





1840, and rapid development of the 
country occurred after about 1850. Prob- 
ably the average period since beginning 
of accelerated soil erosion throughout 
various parts of the area, as a result of 
clearing of forests and breaking of the 
natural prairies, has been between sixty 
and ninety years. The annual rate of 
sediment production would be expected 
to increase at least during the years of 
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increasing area of cultivation and prob- 
ably is still increasing as the erosion- 
resisting humus is more completely re- 
moved from the topsoils and as small 
field and slope channels of cultural 
origin grow and become integrated into 
more efficient runoff systems. In view of 
these factors most of the sediment in the 


during the last thirty years, has been 
appreciably higher, perhaps equivalent 
to an average depth of at least 1 foot in 
twenty years or so. 

Numerous random observations on the 
depth of accumulation around trees, 
fence posts, and other features which can 
be approximately dated, led to the con- 





Fic. 5.—Fence posts, with woven wire still attached, partially buried on the Kickapoo River flood plain 
about 2 miles southwest of La Farge. The soil auger stands at the site of a post that has been recently 
broken, but those beside which the men stand have been buried to within about 15 inches of their origi- 


nal tops. 


valleys probably has accumulated with- 
in not more than sixty years and perhaps 
less. If a uniform rate of accumulation 
over a period of sixty years be assumed, it 
would indicate an average rate of 1 foot 
of flood-plain accumulation in about 
twenty-five years. It seems much more 
probable that the rate of accumulation 
has been progressively increasing and 
hence that the rate prevailing now, and 


clusion that fully half the present depth 
of sediment has accumulated within 
thirty years or less. The sediment depth 
is so variable from place to place, how- 
ever, that no very precise average rate of 
depth of accumulation under present 
conditions is justified from such data now 
in hand. As a basis for estimating the 
probable effects of sedimentation on 
flood heights, it was assumed that the 











present volume of sediment would be in- 
creased by 50 per cent in the next thirty 
years. This is believed to be a con- 
servative estimate. The estimated aver- 
age rate of accumulation of 1 foot in 
twenty-five years applies to a proportion- 
ately larger part of the main valley than 
does the estimate of 1 foot in twenty 
years derived from bridge-section data 
for the river channel. For the main 
valley below La Farge, the correspond- 
ing average rate of accumulation would 
be approximately 1 foot in twenty-two 
years. This is not significantly different 
from the average rate of 1 foot in twenty 
years estimated for the river channel 
below La Farge. From such evidence it 
is concluded that the river bed and flood- 
plain surface have been aggraded at 
approximately the same rate and hence 
that there has been no significant change 
in the relative depth of the channel below 
the flood plain. This conclusion is of 
major importance, for only in the Kick- 
apoo Valley, of several dozen valleys 
studied, has it been possible to develop 
direct evidence as to the relative rates of 
aggradation of the channel bed and flood- 
plain surface. 


DAMAGE RESULTING FROM 
SEDIMENTATION 


Practically all the first-bottom alluvial 
soils in the Kickapoo River flood plain, 
and most of the flood plains of major 
tributaries, have been covered beyond 
plow depth by modern sediment. This 
sediment, which is typically brown in 
color in contrast to the dark gray or 
black of the original bottom-land soil, 
evidently is quite fertile, for it produces 
good crops wherever cultivated when 
flood damage is not too great during the 
growing season, or good pasture where it 
is kept in grass and not allowed to be- 
come too weedy or to grow up in brush. 
The frequent overflows and sediment 
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deposits provide favorable conditions for 
establishment of weeds, and many poorly 
drained areas are grown up with brushy 
woods of little value. Under these con- 
ditions and with present limited data, 
it is difficult to establish any criterion of 
damage to the agricultural value of the 
land because of the sedimentation. It is 
known that young corn and grass for 
pasture or hay are often damaged con- 
siderably by sedimentation accompany- 
ing floods, but it is almost impossible to 
distinguish between the damage by sedi- 
ment and that by the flood water. The 
greatest damage due primarily to the 
sedimentation appears to be the de- 
creasing capacity available to carry flood 
water below the level of the alluvial ter- 
races. The alluvial terraces of the Kick- 
apoo are, on the whole, rather low as 
compared to those of near-by valleys 
that drain directly to the Mississippi 
River, and they form a major part of the 
valley lands. Almost all the terraces 
have been improved for cultivation, and 
they are also the sites of a number of vil- 
lages, which are important local trading 
centers. Already much of the lower ter- 
races, including parts of several villages, 
has suffered flood damage. If sedi- 
mentation continues, the flooding of 
these terraces and townsites must be ex- 
pected to become worse in the future, un- 
less floods are controlled by some means. 

The probable future effect of sedi- 
mentation on flood heights and inun- 
dation areas was estimated for seven 
reaches of the valley, each reach includ- 
ing a townsite with small adjacent areas 
above and below. These areas were se- 
lected for study because topographic 
maps, on a scale of 400 feet to the inch 
with a contour interval of 2 feet, were 
available from surveys by the United 
States Engineer Office, St. Paul District. 
Computations were made, on three to 
six cross sections in each townsite area, 
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of the increase in height that would be 
required to maintain the same cross- 
sectional area for flood discharge after 
the volume of modern sediment had been 
increased 50 per cent. Hydrologic data 
were not available for direct computation 
of the probable increase in stage height 


The 1938 flood was much smaller, having 
an estimated frequency of once in four 
years. The sedimentation effects were 
computed on cross-section profiles fur- 
nished by the Engineer Office and by the 
Department of Agriculture survey. The 
corresponding areas of inundation were 


TABLE 3 
SUMMARY OF PROBABLE FUTURE INCREASES IN FLOODING IN NEXT THIRTY 


YEARS IN SEVEN TOWNSITE AREAS IN KICKAPOO VALLEY 


| 


1938-TyPe FLoop 


ITEM | Se ae ee 

















1935-TyPe FLoop 





| 


























ron [ert Se Soe : 
enone 1938 1968 Increase 1935 1965 | Increase 
| (Acres) |* (Acres) |(Percentage)| (Acres) (Acres) | (Percentage) 
E re ES EE DRE IRA oe, ARLE a 
Class of land: 
Townsite. ee 18 44 146 157 | 182 16 
Cultivated. .... | 273 368 35 628 | 661 5 
Open pasture.... .| 503 584 16 670 | 682 2 
Timber 213 | 219 3 228 | 229 | I 
Brush. . -e 177 | 185 4 195 | 196 | I 
Swamp. ’ 188 197 | 4 | 200 | 201 | I 
Subtotal.......| 1,372 1,597 16 2,078 2,151 | 3 
| 
eee eR | | 
Number Number | Percentage Number Number | Percentage 
Buildings: | | | | 
. Se ° I .| 9 12 | 33 
Houses. . 7“ 10 52 420 201 | 220 ‘| 9 
Commercial. . . 22 59 168 | 208 | 224 8 
Farm barns. .... I 5 400 | 24 28 17 
Tobacco sheds... . 4 6 5° | 13 17 31 
Subsidiary. ...... 28 89 218 | 273 | 322 | 18 
Subtotal. .... 65 212 226 | 728 823 | 13 
Feet | Feet Percentage Feet | Feet Percentage 
Transport routes: | | 
Highways........| 9,580 20, 360 113 61,620 | 67,550 I 
OS ere | 12,690 19,850 56 34,620 39,660 15 








for the same discharge volume, but topo- 
graphic conditions are such that this 
probably is closely approximated by the 
change in height for equal cross-sectional 
area. These computations were made for 
stages corresponding to the 1935 and 
1938 floods as determined by the De- 
partment of Agriculture survey. The 
1935 flood produced the highest peak dis- 
charge of the twenty-five years of record. 








estimated by drawing flow lines of uni- 
form gradient on the topographic maps, 
between each successive pair of cross sec- 
tions, and planimetering the areas in- 
cluded by these lines. 

Results of the studies of probable 
future sedimentation on flood heights are 
summarized in Table 3. For the seven 
townsite areas studied, it was estimated 
that the areas of inundation will be in- 
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creased 2 per cent for a flood similar to 
that of 1935 and 14 per cent for a flood 
similar to that of 1938, when the volume 
of modern sediment has increased 50 per 
cent. This may be expected in something 
like twenty to thirty years according to 
existing data as previously listed. For 
floods like that of 1935 there will be com- 
paratively little increase in inundation 
areas, because practically all the low 
alluvial terraces in the townsite areas 
were flooded in 1935, and further in- 
crease in stage height will affect chiefly 
the relatively steep valley sides. The 
higher stage in the areas of previous in- 
undation, however, would be expected to 
increase the damage to buildings and 
other property considerably more than 
the proportional increase in inundation 
area. For floods similar to the compar- 
atively small one of 1938, a 14 per cent 
increase in surface area of inundation is 
to be expected when the volume of sedi- 
ment has increased 50 per cent. Even 
higher rates of increase in area of inun- 
dation probably may be expected for 
floods intermediate in size between those 
of 1935 and 1938, which now would not 
quite reach the elevation of the alluvial 
terraces on which the townsites are lo- 
cated, but which in the future may be 
expected to cover most of those terraces. 

Table 3 also summarizes the increase 
to be expected in the numbers of build- 
ings of various types, the lengths of high- 
ways and railway,’ and the classes of land 
affected by the design floods. It is note- 
worthy that much larger increases are to 
be expected in flooding of the more highly 
improved lands, and of various struc- 
tures, than in total areas of inundation. 
This reflects the critical importance of 
the sedimentation problem in relation to 
the townsites. The towns affected are 
not large, none having as many as a 


5 The railroad line involved has since been aban- 
doned, and the track torn up. 
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thousand inhabitants, yet suitable sites 
are not available near by for relocating 
them outside the flood zone. Many of 
the economic factors that determined 
the original townsite locations have now 
lost their importance, but the existing 
towns have a considerable value as trad- 
ing and supply centers for the surround- 
ing farming country. 

Appreciable increases are also to be 
expected in the flooding of croplands, 
which include nearly all the extensive 
alluvial terraces outside the townsites. 
The Kickapoo Valley is somewhat un- 
usual, in the Upper Mississippi Valley 
region, in that the greater part of its 
alluvial terraces are within reach of flood- 
waters. Time was not available for study 
of the future effect of sedimentation on 
flooding of all terraces, and no reliable 
estimate of the magnitude of this effect 
can yet be made. It seems unlikely that 
this future increase in agricultural flood 
damage will be as great, proportionately, 
as the increase in urban flood damage. 

Economic appraisal of the effect of 
sedimentation on flood damages is a com- 
plex problem, depending in part on hy- 
drologic data and interpretations. The 
author’s part in the investigation was 
limited to determination of the physical 
extent and effects of the sedimentation, 
and discussion of the hydrologic inter- 
pretations and economic appraisals is be- 
yond the scope of this paper. Preliminary 
computations for the Department of 
Agriculture survey, based on hydrologic 
data and on sedimentation data partly 
summarized in Table 3, indicate that the 
average annual urban flood damages will 
be increased nearly 40 per cent in the 
next twenty years, owing to rising flood 
heights. This would be equivalent to an 
increase of about $15,000 in the annual 
flood damages. The present worth of 
such damages would, of course, be some- 
what less. The agricultural and highway 
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damages also will be increased, other 
factors being the same; but data are not 
adequate for evaluation of these effects. 
Only for the townsite areas are topo- 
graphic maps available on a scale suitable 
for determining the increasing extent of 
the inundations. No adequate study has 
been made of the relative importance of 
past “modern” sedimentation in con- 
tributing to the present flood problem, 
but there can be no doubt that it has been 
an important contribution. If the pro- 
portional effect of the past sedimentation 
has been approximately the same as has 
been estimated for future sedimentation, 
about half the present average annual 
urban flood damage can be charged to 
sedimentation since the country has 
been settled. It is the most clear-cut ex- 
ample that has yet come to attention, in 
studies covering dozens of drainage 
basins in various parts of the United 
States, of the importance of flood-plain 
aggradation as a factor in flood problems. 


RATES OF SEDIMENT PRODUCTION 


The volume of modern sediment in the 
Kickapoo Valley obviously reflects a rela- 
tively high rate of surface-soil erosion 
throughout the drainage area, or con- 
siderable parts of the drainage area. The 
sediment-volume data are not a full 
measure of the rates of erosion, for a con- 
siderable part of the erosional debris has 
either failed to reach the major valleys 
or has been carried on out of the Kick- 
apoo Valley to the Wisconsin River. 
Even for the principal tributary valleys 
the estimates of sediment volumes may 
be considerably too low, as has been 
noted in discussion of those data. With 
these limitations in mind, all of which 
presumably tend to minimize the magni- 
tude of the erosion rates, the measured 
and estimated sediment volumes still in- 
dicate a comparatively high rate of sur- 
face erosion. There are about 437,000 


acres subject to surface erosion, other 
than bank-cutting and flood-scouring in 
the alluvial lands. Production of the 
38,000 acre-feet of valley deposits, less 
the 2,200 acre-feet estimated from bank 
erosion incident to widening of channels, 
would represent erosion of about 52 acre- 
feet per square mile, or removal of an 
average depth of approximately 1 inch 
from the surface of the contributing 
drainage area. If it is assumed that both 
sedimentary deposits and eroding upland 
soil have an average dry weight of 85 
pounds per cubic foot, which is a reason- 
able approximation, and the average 
period of accelerated erosion and sedi- 
mentation is taken as sixty years, the 
equivalent rate of sediment production 
would be about 0.87 acre-feet per square 
mile or 2.5 tons per acre per year. This 
would be a minimum figure, certainly 
appreciably below the actual rate of 
erosion. 

For purposes of the Department of 
Agriculture survey, the average sus- 
pended load carried by the Kickapoo 
River at its mouth was estimated as 198 
acre-feet per year.° This estimate was de- 
rived from intermittent sampling over a 
period of several years by the Lake 
States Forest Experiment Station. There 
is considerable uncertainty as to how 
such an average, based on data covering 
parts of a few years, should be correlated 
with the data on volumes of sediment 
deposited during the entire period of 
modern accelerated sedimentation; but, 
if the latter is assumed to be accumulat- 
ing at such a rate that the present volume 
will be doubled in thirty years, the aver- 
age annual rate of accumulation within 
the Kickapoo valley system would be 
approximately three times as great as the 
estimated average suspended load car- 


6Computed on an assumed ratio of 2,200 
pounds per cubic yard, or about 82 pounds per 
cubic foot. 
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ried out of the Kickapoo Valley. In other 
words, only about one-quarter of the sedi- 
ment reaching the lowland parts of the 
drainage basin is being exported from the 
Kickapoo area, according to these figures. 
As it is quite certain that appreciable 
quantities of erosional debris are accumu- 
lating in the upland fields and drainage- 
ways as well as on steeper colluvial slopes 
bordering the deeper valleys, and as the 
present rate of accumulation in the val- 
leys is very likely greater than the aver- 
age which has been maintained during 
the last sixty years, it follows that the 
suspended-load measurements at the 
mouth of the Kickapoo probably repre- 
sent appreciably less than one-quarter of 
the actual rates of soil erosion prevailing 
throughout the drainage area. 
CONCLUSIONS 

These Kickapoo studies are believed 
to be the first quantitative attempt to 
evaluate the effect of soil erosion in rais- 
ing flood heights and increasing inunda- 
tion areas through flood-plain sedimenta- 
tion. Accumulation of something like 
38,000 acre-feet of sediment has aggraded 
the flood plain an average of about 2.5 
feet throughout the major part of the 
Kickapoo River valley within the last 
ninety years or less. The river channel 
appears to have been aggraded at a rate 
similar to that of the flood plain. Indi- 
cations are that continuation of present 
processes will cause an increase of nearly 
40 per cent in average annual urban 
flood damages in the next twenty years. 
Perhaps as much as half of all present 
average annual flood damage is directly 
attributable to the effects of sedimenta- 
tion since the country was first settled 
about 1850. These are believed to be 
rather extreme conditions, owing to the 
comparatively large area of low alluvial 
terraces in the Kickapoo Valley, con- 
centration of townsites on these terraces 
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(because of economic and transportation 
conditions at the time of settlement), and 
deposition above the mouth of the Kick- 
apoo of about three-fourths of the soil- 
erosion debris reaching the principal 
tributary valleys from the surrounding 
upland slopes. 


ACKNOWLEDGMENTS.—An opportunity for 
investigation of the sedimentation conditions 
was afforded in connection with a survey by the 
Department of Agriculture, in 1938 and 19309, 
to determine the feasibility of a program for 
water-flow retardation and soil-erosion pre- 
vention as an aid to flood control in the Kick- 
apoo drainage basin. The writer participated in 
these investigations as a representative of the 
Sedimentation Division of the Office of Re- 
search, Soil Conservation Service, under an in- 
formal arrangement to obtain data also for re- 
search purposes. Most of the measurements of 
depth of sediment on the main river flood plain 
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railroad bridge cross sections were made chiefly 
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parts of the studies. E. H. Moser, Jr., assisted in 
the office compilations and in gathering various 
supplemental data. 

The general principles and concepts on which 
the sedimentation investigations and _ inter- 
pretations were made have been developed in 
the sedimentation research program of the Soil 
Conservation Service since 1935. Of particular 
importance, because of close geographic proxim- 
ity and similarity of conditions, were the results 
of detailed studies in Coon Creek Valley, ad- 
jacent on the northwest to the Kickapoo drain- 
age basin, where the work was done chiefly by 
Vincent E. McKelvey,’ under the writer’s super- 
vision, with the collaboration of Professor W. H. 
Twenhofel of the University of Wisconsin. 
Robert E. Bates, who participated in early 
stages of the Coon Creek studies, subsequently 
noted the presence of a cover of modern sedi- 
ment on the Kickapoo flood plain.*® 


7 Vincent Ellis McKelvey, “Stream and Valley 
Sedimentation in the Coon Creek Drainage Basin, 
Wisconsin” (thesis submitted for the degree of 
Master of Arts, University of Wisconsin, 1939). 
Also, under the same title, an unpublished office 
report in the files of the Sedimentation Section, Soil 
Conservation Service, Washington, D.C. 


§ Bates, pp. 875-76 of ftn. 2 (1939). 
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EDITOR’S REQUEST 


The following Japanese journals and publications have not been received by the 
principal libraries of this country, but it is possible that separates of some of the 
articles contained therein may have been sent to individual American geologists and 
paleontologists. 


1. Contributions from the Institute of Geology and Paleontology (Tohoku Imperial 
University, Sendai, Japan), Nos. 1-32 (1921-39 inclusive). (In Japanese lan- 
guage—not to be confused with Science Reports of this same university.) 

2. Bulletin of the Tropical Industrial Institute (Palau), Vol. I (1938 to date). 


3. Jubilee Publication in Commemoration of Professor H. Yabe—Sixtieth Birthday, 
Vol. II (1940). 





Some of the above material is urgently needed at the present time. If any of these 
publications are available for loan or for photographing, please notify promptly the 
Chairman, Division of Geology and Geography, National Research Council, 2101 
Constitution Avenue, Washington, D.C. 


FOREIGN MAPS WANTED FOR MILITARY USE 
Large-scale maps (1: 1,000,000 or larger) of areas outside of the United States and 
Canada: road maps, topographic and geological maps. 


Detailed topographic maps, city plans, and port plans, as well as guide books and 
travel folders, gazetteers, postal guides, and important atlases. 


Aerial photographs, survey notes, and geodetic control data. 
The more recently issued the better. 


Any material not available as a gift should be specified as such; reproduction will 
be made and the originals returned to the owner. 


NOT NEEDED 


United States government issuances and such obvious sources as National Geo- 
graphic Society; these are already on file. 


REPORT ALL INFORMATION TO 


War Department War Department War Department 
Army Map Service Army Map Service Army Map Service 
Chicago Library Branch San Francisco Library Branch New York Library Branch 
79 West Monroe Street 74 New Montgomery Street 1270 Sixth Avenue 

Chicago 3, Illinois San Francisco, California New York, N.Y. 
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Principles of Structural Geology. By CHARLES 
MERRICK NEVIN. 3d ed. New York: John 
Wiley & Sons, Inc.; London: Chapman & 
Hall, Ltd., 1942. Pp. xv+320; figs. 165. 
$3.50. 

The second edition of this well-known text 
appeared in 1936. A comparison of the third 
edition with this shows that a majority of the 
paragraphs are identical. Some others have 
been shortened slightly by pruning. But, on the 
other hand, at various places throughout the 
volume, one finds notable changes both in 
treatment and in content, as well as improve- 
ments in many minor but not unimportant de- 
tails. 

The discussion of fault types is extended by 
including epanticlinal faults (pp. 95-97). The 
origin of grabens is treated better than previ- 
ously by recognizing that both ramps and rift 
valleys occur. Fault troughs are not all formed 
in the same way. 

The most extensive changes in the first half 
of the book are in the chapter on joints. “Joint 
Sets” and “A Joint System” appear completely 
re-written as “Systematic Jointing”? (pp. 136- 
39). The second edition utilized the strong de- 
velopment of joint sets in New York and Penn- 
sylvania to elucidate principles and to illustrate 
alternative working hypotheses of origin. For 
training students Nevin’s handling of this con- 
crete problem has been very valuable, although 
a satisfactory solution was not forthcoming in 
the text because it was recognized that the 
joint directions did not appear in proper har- 
mony with the trends of the gentle regional 
folds, assuming both to have resulted from the 
same stresses (Appalachian revolution). Com- 
mendably, however, the analytical reasoning in- 
duced by the text has led some students to sus- 
pect that the joint sets and the folds were not 
formed at the same time. Now, Parker’s recent 
studies have developed more crucial field evi- 
dence which suggests that the jointing is older 
than the folding. In consequence, Nevin has 
changed his method of presentation and has re- 
written also the succeeding discussion, ‘‘Gen- 
eral Requirements for the Development of a 
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System of Joints.”’ This is a distinct advance in 
subject matter and in treatment. Some in- 
structors, however, may miss Figure ror of the 
second edition, which has enabled students to 
visualize so clearly the orientation and attitude 
of joints relative to compression and relief for 
the three principal alternatives. But, perhaps, 
they can now use effectively the method of his- 
torical sequence of ideas by presenting first the 
1936 analysis of the problem and then carrying 
the solution further, as is done in the third edi- 
tion. 

Parts of chapter vii, “Structures Associated 
with Igneous Intrusion,” by Evans B. Mayo, 
have been re-written and changed notably in 
content following more mature thought on the 
subject. Nearly four pages (180-83) of exam- 
ples of structurally investigated intrusions are 
introduced to illustrate some of the methods of 
granite tectonics and show what conclusions 
may be drawn from the observations. The 
examples selected are the Riesengebirge granite 
of Silesia, Snowbank stock in Minnesota, and 
the Tuolumne intrusion in California. 

“Response of the Earth to Short-Time 
Stresses” (pp. 232-35) has been revamped in 
the light of newer information and some earlier 
mistakes are corrected, giving a much truer 
understanding. Deep-focus earthquakes are in- 
terpreted to better advantage. Some supposed 
discontinuities in the earth have not stood the 
test of time and very properly have been 
dropped. 

Pages 268-74 show much expansion in a new 
treatment. Added are “‘Continental Shelves,”’ 
“Continental Slopes,” and “Submarine Val- 
leys.” 

The third edition has twenty-eight fewer 
pages than its predecessor, but this is due not 
so much to text condensation, as might be in- 
ferred from the Preface, as to the fact that the 
diagrams have generally been reduced in size 
(many being better arranged for economy of 
space), while, in addition, the new format gives 
a wider printed page. An improved appearance 
has also been accomplished thereby. 

xT. S. 
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“The Basic Igneous Rocks of Eastern Otago and 
Their Tectonic Environment [Parts I and 
IT].” By W. N. Benson. (In Transactions 
and Proceedings of the Royal Society of New 
Zealand, Vol. LX XI [1941], pp. 208-22; Vol. 
LXXII [1942], pp. 85-110.) 


In these two articles Professor Benson has 
added considerably to our knowledge of the 
tectonics and geological history of southern 
New Zealand, and the present review is restrict- 
ed to this aspect of the subject. In Part I in a 
discussion of “general tectonic environment” he 
has amplified his account of the ‘“‘“Miocene”’ (? 
Pliocene [C. A. C.]) peneplain of Otago, which he 
has earlier described as intersecting resurrected 
facets of a “‘Cretaceous’’ fossil peneplain. 

In Part II he discusses the distribution of 
Pliocene eruptive rocks in relation to the “‘re- 
gional tectonics” and develops the generaliza- 
tion that the abundant lavas and associated in- 
trusives of the Dunedin alkaline igneous com- 
plex are confined to a central district of small ex- 
tent which has been “strongly deformed’’ in 
very late Tertiary times—subsequently to the 
cessation of igneous activity. Thus, the lavas, 
together with the “Miocene” peneplain on 
which they rest, are affected by very pro- 
nounced folding and faulting—a deformation 
which has shaped the initial forms of the pres- 
ent-day landscape. 

A peripheral strip comprising 1,900 square 
miles of country adjacent to the Dunedin vol- 
canic complex is described as only “moderately 
deformed,” and the author correlates with this 
moderate deformation the presence of only 
widely scattered small lava flows and relics of 
igneous activity on a very limited scale. West- 
ward beyond this, however, there is an exten- 
sive region which is described as “relatively 
stable,” as it has been less strongly affected by, 
though it has not escaped, deformation since the 
development of the ‘“‘Miocene”’ peneplain. This 
region is “almost devoid of late-Tertiary igneous 
rocks.” 

Many observations as to the present attitude 
and the extent of deformation of the ‘‘Miocene”’ 
surface which the author has made have been 
embodied in maps and profiles published with 
Part I. Among thése is a map showing “‘approxi- 
mate contours at 200-foot intervals on the de- 
formed surface of the Miocene peneplain in the 
Dunedin district.”” The area here mapped on 

the scale of 4 miles to an inch is that which con- 
tains the “strongly deformed”? volcanic com- 
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plex. A full-page map on a scale of 12 miles to 
an inch treats similarly a much larger area of 
eastern Otago surrounding the ‘‘main eruptive 
centre of the petrographic province.” This in- 
cludes the “moderately deformed”’ strip and a 
portion of the “relatively stable’’ region. 

The maps and accompanying profiles express 
even more emphatically than the text the au- 
thor’s interpretation of the major landscape 
forms, including block mountains, as the results 
of faulting and warping of the surface since the 
““Miocene” peneplanation, prior to which any 
fossil erosion surface exposed by removal of pre- 
Miocene sedimentary cover had been destroyed 
by erosion over large parts of Otago. 

Both upland plateaus and little-dissected 
though tilted surfaces of very considerable ex- 
tent in Otago have been explained by the re- 
viewer as due to resurrection of a fossil plain. 
In Professor Benson’s interpretation of the 
landscape much more restricted areas of such 
origin are recognized. These are present espe- 
cially on the smooth inclined surfaces which, 
like the back slope of the Rough Ridge block 
(mapped on PI. 36 and shown in Fig. 2, profile 
AA), plunge beneath the old thick-bedded 
quartz gravels of Otago Central. Intersecting 
this ancient, though recently resurrected, sur- 
face, the author recognizes facets of the ‘‘Mio- 
cene” peneplain as of sufficiently widespread 
occurrence to- make possible his restoration of 
that surface on the contoured maps. 

Recurrence of deformation along older lines 
is insisted on, and attention is recalled to the 
fact that some fault-block boundaries in Otago 
follow the lines of ancient faults of great mag- 
nitude, but block uplifts have commonly re- 
versed Mesozoic displacements. 

, C. A. CoTTon 


The Irish Stone Age, Its Chronology, Develop- 
ment, and Relationships. By HAttam L. 
Movtivs, Jr. Cambridge: University Press; 
New York: Macmillan Co., 1942. Pp. xxiv 
+339; pls. 7; figs. 59. $7.50. 


The present beautiful volume is part of the 
results of an anthropological survey of Ireland 
carried out by the Division of Anthropology at 
Harvard University from 1932 to 1936. Pages 
I-102 and an appendix treat, partly in great 
detail, the late Quaternary geochronologies of 
Scandinavia, the late-glacial geological se- 
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quences in Britain and Ireland, and the early 
postglacial chronology of Britain and Ireland. 
Thus are reviewed Gerard De Geer’s and Rag- 
nar Lidén’s clay chronologies for the deglacia- 
tion of Sweden and for postglacial time, the 
principal late Quaternary stages of the Baltic, 
and the corresponding climatic ages and vegeta- 
tion stages and zones of Scandinavia, particu- 
larly Denmark. This is well done; only the cor- 
relation of the moraine loop in Scania (the 
southernmost province of Sweden) via Den- 
mark’with the Pommerania moraine of northern 
Germany (p. 5 and Fig. 8, p. 60) is inconsistent 
with field observations by Danish geologists, 
which show that the Scanian moraines are young- 
er. The beginning of the postglacial is taken in 
accordance with the opinion of Professor Knud 
Jessen, of Copenhagen, who studied the pollen- 
bearing beds at Dr. Movius’ archeological sites, 
and who placed it at the end of the last solifluc- 
tion layer in Denmark (p. 21), which by Jessen 
is correlated with the resumption of ice retreat 
after the formation of the Fenno-Scandian 
moraines south of Stockholm. Although Helmut 
Gams! also favors the transition from halt to 
withdrawal of the ice border from the above- 
mentioned moraines as the boundary between 
the glacial and the postglacial in Europe, the 
bisection of the ice remnant west of Ragunda in 
northern Sweden in year 6839 B.c.? seems pref- 
erable for this, considering the northern hemis- 
phere in its entirety. At the time of the bisec- 
tion the temperature in central Sweden and Fin- 
land had about reached its modern level; and 
the corresponding climatic event in the greater 
parts of the earlier glaciated areas in North 
America and in Asia may thus be roughly dated 
at 7000 B.c. and taken to inaugurate postglacial 
time. 

Movius makes an exhaustive study of the 
literature on the glacial deposits and on the last 


t Quartar, Vol. I (1938), pp. 85, 93. 
2 Lidén in Geol. Foren. Férhandl., Vol. LX (1938), 
Pp. 403. 


ice recession in Britain and Ireland and corre- 
lates these in some detail with the drifts and the 
deglaciation of northern Germany and of Scan- 
dinavia. Since Jessen found the same late- 
glacial plant succession in Ireland as in Den- 
mark (pp. 65, 68), Movius concludes that there 
was a complete parallelism in the deglaciation 
and climatic evolution of Ireland and Scandi- 
navia (p. 70). This agreement seems to hold 
also for the postglacial. As a consequence, the 
dated Scandinavian climatic ages are applicable 
in Britain and Ireland (p. 102). 

The first immigrants, with an Early Meso- 
lithic culture, arrived in Ireland during the 
Boreal age, perhaps roughly 6500 B.c. 

Dr. Movius has made an excellent contribu- 
tion to geology and, to my knowledge, holds the 
distinction of being the first American—there 
are several European—anthropologist to do so. 


Ernst ANTEVS 


Review of Petroleum Geology in 1942. By F. M. 
VAN Tuy and Starr MEMBERS OF COLO- 
RADO ScHOOL OF MINES. Quarterly of the 
Colorado School of Mines (Golden, Colo.), Vol. 
XXXVIII, No. 3 (1943). Pp. 75. Single 
copies, $1.00. 

This is a worth-while survey of the year’s de- 
velopments and noteworthy events in the field 
of petroleum geology broadly considered to in- 
clude various bordering fields directly or indi- 
rectly contributory to it. The work was com- 
piled through the co-operation of the Research’ 
Committee of the American Association of Pe- 
troleum Geologists. About half of the two hun- 
dred and nine publications listed receive anno- 
tations or are involved in the general commen- 
taries. Present trends in petroleum geology and 
geophysics are discussed. The editor announces 
that such a review of the preceding year will be 
published annually as the April number of the 


Quarterly. 
R. T. G 
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